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" FOREWORD

The performance of night Qision devices has reached a level where
the limitations can often be found to reside in the chosen size or
quality of the display rather than in the quality of the sensor. A
lack of general understanding of visual requirements often results in
display specifications that produce an image too small, *oo dim, or

too fuzzy to present the picture to the eye as well as the sensor has
recorded it,

Buyers tend to accept night vision devices that will measure up
to the standards of the commercial home entertainment television to
which they are accustomed, not realizing that such equipment will be
inadequate to meet the exacting demands of military viewing. But
buyers are not completely at fault. Manufacturers--especially tube
manufacturers--have refrained from publishing th; very characteristics

of their products that govern the quality of the television picture
displayed.

The Night Vision Laboratories, recognizing the problem, have es-
tablished a specification and procurement framework for direct-viewing

(intensifier) devices but have not yet extended this sufficiently for
raster-producing imaging devices.

About three years ago, at the request of the Air Force Systems Com-
mand, the Office of the Director of Defense Research and Engineering
(DDDREE) asked the Institute for Defense Analyses (IDA) to furnish
guidelines to bring order into what was indeed chaotic procurement of
night vision devices. In response, IDA has presented a series of

lectures and has published papers in the open and classified litera-

~ ture to encourage the use of real and effective criteria in the design,

specification, testing, and acceptance of photoelectronic image forming
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devices. The IDA effort has culminated in the publication of a two-
volume treatise, Photoelectronic lmage Forming Devices, edited by

Biberman and Nudelman and released in January 1971 by Plenum Press,
New York.

Portions of that treatise (basically Chapters 4, 11, and 19 of
Vol. I and Chapter 22 of Vol, II) are extended in this paper at a
level of detail not feasible in a commercial publication.

This work has been supported as a continuirg task for ODPM™%E
under the general direction of E.N, Myers,
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ABSTRACT

Excellent correlation exists between the quality of aerial pho-
tographs as measured by the modulation transfer function area (MTFA)
and as measured by observer performance. The MTFA and the signal-to-
noise ratio at the display (SNRD), derived in this report, are closely

related, and the SNRD is adopted here as the main criterion of equip-
ment quality.

Present commercially specified parameters are unsatisfactory
means for predicting equipment performance. This report considers
the parameters that are directly related to observer performance as
the truly meaningful ones and flags them out as such,

In the design of both remote-view television and direct-view
image-intensifier systems, it is important to present the output image
to the eye at luminance and angular size sufficient that the required
modulation is determined not by the optical properties of the eye and
the neurological organization of the retina but rather by the funda-
mental effects of cutput luminous fluctuations on the decision process.

Also, we point out that reduction of display luminance below the
usual working level has a dramatic effect on the required modulation
as a function of frequency.

Using the criterion of SNRD, one can rank present-day low-light-
level camera tubes. This report does so in detail in Section V-A-4.
However, it is clearly difficult to specify a best tube without a
rather complete understanding of the relative importance to system
performance of sensitivity versus light levels, detail rendition, and
lag. A small change in the relative importance of these factors can
seriously affect choice of the "best" tube.
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For years the image orthicon was the preferred tube. Beginning
about 1963-64, the secondary electron conduction (SEC) camera tube re-
placed it in favor, since the low lag of the SEC tube outweighed the
need for very low-light-level performance in many aircraft systems.
More recently, Loth the improved image isocon and the siiicon-electron-
bombardment induced-response (SEBIR) camera tube have emerged. They
will pr»> ably replace the SEC tube.
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SUMMARY

by Lucien M., Biberman

A. HISTORICAL BACKGROUND

Low-light-level devices originated, conceptually at least, in the
1920s, when it was realized that some of the various‘means of focusing
electruns and forming beams also amplified the energy of the electrons
being focused and thus provided, in principle, a mechanism for light
amplification. Unfortunately, the technology of that period was so
rudimentary compared to that we know now that efforts to achieve
light amplification by those means were frustrated by the very poor
efficiencies of coupling and of converting light into electrons and
electrons back into light.

Later, as cathode and phosphor efficiencies improved to the
extent that an image amplifier or intensifier could produce more light
at its output than it received at its input, it became obvious that
such devices could be cascaded to increase gain exponentially. The
first patent on such a concept was issued in France in 1936, but the
first working device was not demonstrated until 1952 and then in the
United States. |

Ir. the early phases of American development of low-light-level
devices the emphasis wds on light .mplification. It was only rather
late in the program, in the mid-sixties, that serious attention was
paid to the companion problem of image quality. It is interesting to
note that the Dutch and English philosophy, pretty well driven Ly the
arguments of Peter Schagen of Mullard, concentrated on simple one-
stage devices of good image quality but quite low picture brightness.
American tubes were being pressed toward quite high gain, i.e., output
images about 50,000 times as bright photometrically as the input to -
the tube. The Dutch and B- itish tubes were more apt to provide gains

of a few hundred. 1




Both routes of development suffered from fixation of the estab-

lished concepts and points of view.

It is easy to point out in retrospect that when the scene was
very dark the low-gain, high-resolution devices of the Dutch and
British were of precious little use--the image quality might very
. well hiave been excellent but the image was so very dim that often a
human eye could not see it or required too much time to see it. On
the other hand, the high-gain Ainerican devices did penetrate the
darkness well enough for viewing rather large objects not too far
away. As the light level increased, the performance of the American
devices increased only un*til they became limited by a variety of
image quality limitations. Thus, we had good image quality from the
English and Dutch devices and good gain from the American devices.

Brightness gain is not the only important standard by which the
performance of low-light-level devices must be specified. This fact
has only recently found acceptance among members of the RED community
and, unfortunately, its acceptance outside that community has been
even slower. The importance of proper specifications must be impressed
upon operations, procurement, and maintenance personnel in the Serv-
ices if U.S. forces are to achieve an image quality in night vision
that is comparable to the image quality in day vision.

During the early development of low-light-level devices, pro-
specti&e users would ask, "How dark is it when you can just see a
specified object, and how much farther can you see with your device
than I can see with my unaided eyes or looking through binoculars?"
Darkness was measured by instruments that corresponded to the eye.

The night-vision aids, however, were in reality near-infrared devices.
This was apparently too complicated to explain, and thus the eye-
related units of brightness--the lumen, the lambert, and the foot-
candle--became the standards by which one measured light and darkness
and specified the performance of night-vision devices. ‘

As time progressed, low-light-level devices improved in several
ways. A principal improvement was extension of the response of the

2




sensing layer (or cathode) to longer wavelengths to capture more of
the available radiation--light in both the visual and infrared portions
of the spectrum. Most of this increased response was in the infrared.

These improvements were important for several reasons. First,
the "light" (invisible radiation) from photochemical reactions in
the night sky increases dramatically as one looks deeper into the near
infrared. Second, the contrast of most scenes is greater at wave-
lengths above about 600 nanometers--the deep red part of the visual
spectrum extending into the near infrared.

As these improvements progressed they laid the groundwork for
much confusion and semantic difficulty. Those engaged in development
and procurement had learned a lingo that never was correct but had not
previously caused difficulty. Now they spe.ified light levels as seen
or measured by eye while looking with a device that saw in a region
of the spectrum unseen by the eye. Thus, it was possible for things
to be bright to a night-vision device and dark to the eye and vice
versa. This very property was exploited fully in various traveli.ag
exhibitions and demonstrations that showed military scenes on or in
some staged setting of scale models nicely illuminated by "invisible
light" from a bank of special electric lamps tucked away out of sight.
The "invisible light" was invisible to the naked eye but not to the
devices used to demonstrate night-vision progress.

One must recognize that night-vision devices have a color sensi-
tivity different from the eye and that they see wavelengths the eye
cannot. Specifications written in terms of standards based on the
sensitivity of the eye cannot help but lead to confusion or disappoint-
ment or both.,

It is actually much more meaningful to specify the performance
of a device ynder conditions of full moonlight, which is about
2 x 1072 footcandles, then it is to specify 2 x 10™2 footcandles alone.
Full moonlight has a color spectrum that is real, known, and repro-
ducible. The 2 x 10 footcandles could apply to any kind of light
of any color that the eye could see. Later in this report we show

3




typical but erroneous nomographs, once in general use, that indicate
performance measured under illumination from a tungsten lamp. These
nomographs imply that performance will be equally good when light
sources providing illumination equal to that of the tungsten lamp
(2854° Kelvin) but of diffe.ent spectral distribution are used.

NOT sO!

Many other methods of specification hang on from the days in
which television was aborning. One of the most common of these is
the method of measuring device performance by noting those objects
that the observer knows are there but that he can ho longer see
fifty percent of the time. Accordiﬁg to this practice, the limiting
resolution is the smallest, or narrowest, set of objects that still
remains liminally visible (visible 50 percent of the time) on the
television display. Often this is shown in a plot of the frequency
of the fine lines liminally visible as the light on the scene is
increased. This is alleged to represent the quality of the television
device. This method of specification has been used so long that many
people accept it and some actually believe it.

The entire topic of the utility of low-light-level devices is
a complex one, and the task of writing specifications for such a device
that will truly improve its user's informmation-gathering and decision-
making performance has heretofore been easier to avéid than to face.
But good specifications can be written, as will be shown below.

To date, only in the case of the B-57G aircraft have specifica-
tions for electrooptical sensors been written to address the man-
. machine perception problem. The low-light-level system for the B-57G
has proved to be at least an order of magnitude better than any other
flying, judged on its ability to do its mission. Its design addressed
those factors that enable the user to detect and recognize; those
factors were, in fact, the primary elements driving the design. As
a result, this low-light-level television (LLLIV) system gives the
viewer better vision at night than he has by day.




Thus, in a period of half a century (1920-1970) an idea emerged
and grew to give man the ability to see more clearly at night than he
had previously seen with his unaided eyes in bright daylight.

In that half century it has been only recently that serious
attention has been given to the needs and requirements of human ob-
servers. These are still largely overlooked, but in at least one
system the problem has been faced and the results are exemplary,

B. EFFECTS OF IMAGE QUALITY ON OPERATOR PERFORMANCE

Image intensifiers, television cameras, and optical devices
can be measured and tested in a manner somewhat similar to the one
used to test a high-fidelity soundisyétem amplifier or a radar receiver.
As the frequency of a sine-wave signal of known amplitude is varied
at the input, the amplitude is measured at the output. The ratio of
output to input amplitudes, sometimes called the gain, is plotted
against frequency to give what is called the frequency response of the
amplifier.

In optical devices one provides a test pattern of square waves
and sine waves as black and white bars, or a series of black bars that
fade through grey to white and back to black, sinusodially, in a given
linear dimension that becomes smaller for each of several sets of test
patterns. One measures the brightness of various reproduced patterns
and computes the ratio of signal out to signal in. Most commonly the
quantity "modulation™ is used as the output and input parameters, and
thus the modulation transfer function (MTF) is often used as a criterion
of optical element quality.

Not only do optical devices have MIF characteristics, but also
the eye has demands which are contrary to the MIFs of most such devices,

Telescopes, television cameras, and almost all other optical
devices work quite well in producing a nearly 100 percent output modu-
lation for a 100 percent input modulation whenever the source is Yarge
or, in other words, a low-frequency signal. As the source size de-
creases and its reciprocal spatial frequency increases, the MTF falls
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off until for some source size (or frequency) it has effectively
approached zero and has reached a nonuseful level. On the other hand,
the eye requires very little contrast or modulation to see large
objects but needs high cuntrast and bright light to see very small
objects. Thus, as the viewed object becomes small, a television
system does not produce much modulation, while the eye needs large
modulation values to see a small object of high spatial frequency.

For large objects (low frequencies) the television produces much
modulation and the eye needs little, and the combined performance is
good; for small objects (high frequencies) the television produces
little modulation and the eye needs much, and the combined performance
is very bad.

Recent experiments have shown that the area (scmetimes called
MTFA or MTF area) between the MIF plot and eye-demand plot (Fig. 1)

SYSTEM
MTF CURVE

DETECTION
THRESHOLD
CURVE

LIMITING
RESOLliITION

IMAGE MODULATION ===}

R .

21671~ SPATIAL FREQUENCY ¥, lines/mm e

FIGURE 1. Modulation Transfer Function Area (MTFA)
6



correlates very well with success and failure in the accomplishment

of visual tasks.
pilots and other trained observers made few errors when the MTFA (of

the imagery they studied) wes large, and made many errors when the

MTFA was small,

a textbook example of corvelation (Fig. 2).

Among other experiments, one series has shown that

The relationship between MTFA and errors was almost
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FIGURE 2. Scattergram of Information Extraction Performance Versus MTFA
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From an understanding of the MTFA work reported later in Part II
and the analysis of component performance in Part V it has been possible
to show that the same criteria apply broadly to low-light-level sys-
tems, but there are important, if not obvious, differences.

Let it be emphasized, however, that television imagery differs
distinctly from photographic imagery in two ways, both of which must
be considered with care. First, both photographs and television
displays have noise, but not the same kind. Photographs have a
"frozen noise™ called "grain," whereas television displays have a
"dynamic noise™ called "snow."™ Second, most common television displays
have a line structure, made up of "raster lines," clearly and sharply
evident. Photographs lack such line structure.

Raster lines interfere with viewing in the same manner» and from
the same approximate cause that the 10-kHz interference whistle i:a a
superheterodyne receiver can interfere with hearing weak signals. Op-
tically, this form of heterodyning is undesirable, It is permitted
only because most people do not realize its degrading effect on image
quality or because they actually believe sharp raster lines indicate
a sharply tuned or focused receiver. This popular belief is very
wrong. At normal picture brightness and viewing distance, the line
structure of a good television display should be invisible to the eye,

or nearly so.

The technology of achieving line rasters without prominent lines
has been understood since at least 1934, when Mertz and Gray published
their first analysis of the problem. In 1953, Otto Schade quantitatively
described the degradation, the acceptable levels of interference, and
the means to reduce the raster interference. A review of these raster
problems and their effects on image quality appears in the second
article in Part II.
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C. LOW-LIGHT-LEVEL PERFORMANCE OF VISUAL SYSTEMS

Any analysis or performance estimate of electrooptical imaging
systems is incomplete without an analysis of the sensor performance
and a corresponding analysis of the output of that sensor convolved
with the input properties of the observer's eye.

| The eye is probably the most versatile of all sensors. It
functions well when the ambient illumination is as high as lO4 foot-
candles or as low as 10-2 footcandles, and it continues to function,
but more slowly and not as well, as the light level is further lowered
by more than two orders of magnitude. The eye-brain receptor system
adapts to a reduction in light level by one or more of the following
mechanisms: anlarging the pupil; integrating the light signal over
larger areas (decreasing resolution to permit increased sensitivity);
increasing sensitivity by switching from high-resolution, color-
sensitive sensor. (the cones) to high-sensitivity, lower-resolution
-sensors (the rods); and increasing the integration time.

At the lower light levels, the ability of the eye to see small,
dim objects can be improved if the objects are magnified at the equiva-
lent low brightness. Though this seems ucphomoric philosophy, it is
quite realistic and is accomplished by using binoculars (night glasses).
Typically, a 7 x 50 binocular magnifies the image on the retina by a

s b0 AR

factor of 7 and thus increcases the image area by a factor of 49. At
the same time, the diameter of the binocular entrance pupils is 50 mm
and that of the dark-adapted eye is about 7 mm. The (50/7)° = 49
increase in collecting aperture just offsets the increase of 49 in

S LTHSSREY

image area. Thus, a sevenfold magnification at equal brightness occurs
and makes visible an object that was previously invisible because of
its smallness and dimness. Increase in image size at no increase in
brightness makes the object visible. Actually, the magnified image

is slightly less bright than the unmagnified object seen directly.

This decrease in brightness is quite small and is due to the small
losses in the lenses and prisms of the binoculars.




The use of binoculars trades magnification for field of view,
As magnifications get l-rger, the corresponding fields of view get
smaller. The field of view of 7 x 50 binoculars is typically ubcut
deg. Greater magnification would linearly reduce the field; less
magnification would increase it. The utility of binoculars as a
night-visizn aid is tied tightly to magnification and therefore to
fiell of view.

Some electrooptical devices, such as image intensifiers, are
light amplifier . One can design image-intensifier optical devices
with a degree of freedom over and above the binocular concept of aids
to night vision. One can now choose a field of view and a brightness
gain independently within rather broad limits. Further, because of
their ~apacity to amplify light greatly, image intensifiers (or low-
light-level television camera tubes) make night vision possible under
conditions of much lover flux and much greater distance than binoculars.

The incorporation of image-intensifying devices in visual systems
permits the manipulation of design parameters with far greater flexi-
bility than binoculars allow. Image-intensifier night-vision systems

incorporate (1) an objective for collecting and focusing the radiant flux
emdanating from the scene onto a fiber-optic faceplate (the first sur-
face of an image intensifier tube), (2' an image-intensifier tube (at
the present time usually containing three stages of intensifica*ion),
and (3) an eyepiece presenting an enlarged virtual image of the in-
tensifier display. Low=-light-level television systems incorporate the
following: an objective; a cascaded intensifier and camera tube com-
bination comprising one or more intensifier imodules, & camera tube and
fiber-optic couplers; a video signal amplifier, and a monitor contain-
ing a kinescope for displaying a real image for viewing. The incor-
poration of image-intensifier devices in visual systems has the effect
of decoupling the input ané output radiant fluxes, removing some of
the opticzal constraints encountered in binocular systems, and permits:
(1) the utilization of radiant flux outside the visible spectrum and
generally the use of more efficient image sensors than the eye, (2)

independent adjustments of subjective magnification and flux collection
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power, (3) thé use of integration times longér than that of the eye,
(4) independerice of the time required for dark adaptation (dark adapta-
tion is not required) and (5) the independent choice of optimum image
brightness for high visual acuity and freedom from eyestrain. In addi-
tion, such systems may provide greater flexibility of viewing by incor-
porating remotely placed television displays.

In image~intensifier systems the quantum efficiency of the
cathodes is now perhaps 10 peircent, so that of every ten arriving
photons only one liberates a photoelectron to undergyo the amplification
process. The amplification takes place in one of two ways:

1. The photoelectron is accelerated through perhaps a
10-kv field and focused upon a phosphor that is covered
by a thin aluminum film. Transit through the aluminum
film reduces the electron energy by nearly half, leaving
about 5000 electron volts to be transferred to & phosphor
grain. This transfer of energy results in a large number
of 0.5-ev photons. Of these 10,000 potentially liberated
photons, perhaps half are trapped within the phosphor
layer and end up as heat rather than light.

Of the 5000 photons that are generated, perhaps twenty
percent are liberated in a direction in which an optical
system can collect and focus them. Thus, about 1000 use-
ful photons are formed for each photoelectron liberated
by the phot::cathode. A gain of about 1000 per photo-
electron thus occurs after the photocathode, but the
photocathode has only about 10 percent efficiency, and

so the overall gain of such a device is perhaps 100 per
stage of intensification.

2. The second form of intensification results from a photo-
cathode converti 7 photons into electrons and achieving gain
by accelerating the photoelectrons a small amount, causing
them to collide with a secondary-electron emitter. This
process, repeated many times, multipliés the number of
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electrons rather than the energy of the electrons, giving
a high exponential gain. The electrons are finally
focused onto a phosphor for reconversion to light.

Both of the processes described above start by reducing the
number of photons comprising the image. This sampling process is
followed by a high~gain process which now creates a bright spot or
scintillation for each photoelectron generated at the cathode.

Let us look at an extreme case; an image with 106 distributed

photons focused on a cathode with 10_6 quantum efficiency, followed

by 106 gain. There will be 108 photons in and 106 photons out. But,

the output photons will all be in one bright scintillation and all
phase information (that is, the information about the original dis-
tribution of photons that made up the light and shadow of the image)
is lost.

Figure 3 shows a series of photographs made by George Morton to
show image quality as a function of the number of photons comprising
the image.

3x 103 Photons 1.2x 104 Photons 7.3 X 104 Photons

e,

7.6 x 105 Photons 3.6x 106 Photons 2.8x ]07 Photons

FIGURE 3. Images Formed by Scintillations. Series of Photographs Showing
the Quality of Pictures Obtained with various Numbers of Photons i
(or Photoelectrons when the Quantum Efficiency is Less than Unity)

12
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If one uses an image intensifier on the very dim images, i.e.,

the ones with few photons, one merely gets an image in which the in-

dividual scintillations are brighter., Since the sampling of the scene

is not significantly improved, the quality (salt and pepper effect)
remains the same.

To improve quality one must improve the sampling by increasing
the collection of photons by the optical system (larger lenses or
mirrors), by increasing the photon collection rate or the efficiency
of conversion, or, if the rate cannot be improved, increasing the
tine. In any case, more input photoelectrons--not more gain--are
needed for an image that can be intensified successfully.

It can be seen that gain alone is a poor criterion for perform-
ance of image intensifiers.*

In image-intensifier systems, if sufficient gain is provided,
the appearance of a scintillation on the display will educe a visual
sensation in the retina. Hence, tiie quant' n efficiency of a visual
system incorporating an image intensifier is characteristic of the

quantum efficiency of the image-sensing surface of the intensifier. -

If the duration of a scintillation produged on the display of
an image intensifier is considerably longer than the integration time
of the eye, the effective integration time of the complete visual sys-
tem is characteristic of the integration time of the intensifier.
Generally, however, image intensifiers are designed with integration

times comparable to that of the eye to avoid loss of visual percep-
tion for moving targets.

If the luminance gain of an image intensifier is high enough,
the eye will exhibit the high visual acuity and speed of response
characteristic of foveal vision even though the scene luminance (as

*

It is therefore very important that the more significant factors in
low-light-level technology be emphasized in the detail writing of
specifications and in procurement negotiations. 71he present over-
whelming fascination with gain should not continue.
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S cd/m2, corresponding

seen by the unaided eye) may be as low as 10~
to terrain illuminated by an overcast night. However, it must be
emphasized that the structure of an image formed on the retina by an
image-intensifier system directed at a dimly illuminated nighttime
scene will generally be quite different (coarser grained and scintil-
lating) than the structure of an image of the same luminance produced
by a binncular system or the unaided eye. In the case of the intensi-
fied image, visual acuity will be limited by fluctuations in the
generation of the scintillations forming the image rather than by the

preperties of the eye.

Remote-view television systems for low-light-level applications
offer some additional degrees of design flexibility not available to
direct-view image-intensifier systems. Besides the possibility of
separating the position of the image sensor from the image display,
there is the possibility of enhancing contrast and modifying the
image in other ways by me"ns of associated video processing.

These additional degrees of design flexibility in remote-view
television systems result from the incorporation of an additional
conve: ion of the two-dimensional electron image generated at the
primary photocathode into a video signal current by means of sequen-
tial readout of the image elements of the electron image on the camera-
tube charge storage target. The conversion of the electron image into
& video signal may introduce a limit on sensitivity not associated with
the parameters of the eye. The noise generated in the first stage of
the video presmplifier will determine the minimum detectable signal
current unless there is sufficient electron multiplication of photo-
electrons generated at the primary photocathode before video signal
injection into the video amplifier. In practice, it has been found
that an electron multiplication of about 104 is required. Electron
multiplication may be achieved with image-intensifier modules and/or
internal electron multiplication by means of eleztron bombardment of
the storage target.
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The gain provided before storage of charge at the "charge storage
target" occurs as a low-frequency gain between cathode and target with
a relatively narrow bandwidth corresponding roughly to the frame of
time of the system,

Video preamplifiers, on the other hand, operate at frequencies
corresponding to the comparatively wide band and high frequency.of the
readout beam--5-50 MHz. Thus, the most useful gain is that associated
with the low-noise amplification processes before readout. These are
low-noise processes due in no small part to their narrow-band, low-
frequency charactcer.

If sufficient electron multiplication is provided, the wvideo
current will consist of a coarse-grained signal current of large
pulses and a fine-grained noise current. The luminous image formed
cn the display by conversion of the video current will consist of
bright scintillations forming the image and a dim background randomly
generated by the video noise current. Under these conditions the
quantum efficiency of the total visual system comprising the remote-
view television system and the operator will be characteristic of
the primary photocathode. As in direct-view image-intensifier systems,
threshold sensitivity and integration time will be, to a reasonable
extent, at the disposal of the designer, subject to whatever restric-
tions are imposed by operationdl requirements, size, weight, and
cost.

The same flexibility in design of subjective magnification and
radiant-flux collection power exists in remote-view television systems
as in direct-view image-intensifier systems. The subjective magnifi-
cation is not so rigidly specified, however. The difference lies in
the fact that the magnification between the display and the observer's
retina depends on the viewing distance, which may not be rigidly con-
trolled.

In the process of detecting the input image, converting it to
electrons, focusing it onto the phosphor, and recreating.a visible
image, contrast is lost at each step for the reason that aberrations
cause an overlapping of the radiance pattern on the display produced

|
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by the input-image irradiance pattern. In the limit of small image-
element sizes, as contrast falls below a few percent, detection proba-
bility approaches zero.

Rather than reproduction of contrast on the display as a function
of image-element size, it is customary to consider the reproduction of
the modulation amplitude of a sinusoidal, spatially modulated, radiant
test pattern as a function of spatial frequency. The relation between
contrast and modulation amplitude is described below. The modulation
transfer function MTF) or sine-wave response of a photoelectronic
imaging (PEI) system is'defined as the ratio of the modulation ampli-
tude of the display image to the modulation amplitude of the input
image on the photocathode as a function of spatial frequency--normalized
to unity as the frequency approaches zero. The sine-wave response can
be measured by projecting a sine-wave pattern with 100 percent modula-
tion onto the photocathode. First a sine-wave pattern of low spatial
frequency is employed and the peak-to-peak output ampliftude is ncted.
With this amplitude as a reference, the pattern spatial frequency is
increased in discrete steps. At each step the new peak-to-peak ampli-
tude is measured, and the ratio of this amplitude to that measured at
the low spatial frequency is formed. The plot of these ampliitude ratios
as a function of pattern spatial frequency constitutes the sine-wave
response.

The case of a zoom intensifier merits special attention. If
the zoom-intensifier sine-wave response were unity at all spatial

frequencies, resolution would be unlimited in both wide-angle and
narrow-angle modes. Since the wide-angle mode also covers more view-
field as well, there would be little point to zoom. As a practical
matter, the intensifier's sine-wave response is limited by aberrations |
in the electron optics and the phosphor particle sizes. As the view-
field is decreased, or zoomed, going from the wide- to th.. narrow-angle
modes, image magnification increases in the same ratio. Consequently,

the spatial frequency scale of the sine-wave response curve is com-
pressed by that ratio. Specifically, for an 80/25 mm zoom tube, the
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magnification increases from approximately 1/3 to unity as the view-
field is decreased and the spatial frequency of the wide-angle mode
is reduced in the narrow-field mode by approximately three, and the
higher amplitude response associated with lower frequencies pertains.
Thus, some of the higher sine-wave response at a given target spatial
frequency in the narrow-angle mode is sacrificed in the wide-angle
mode for the sake of wider viewfield. On the other hand, greater
brightness gain is realized in the wide-field mode, and if sufficient
brightness gain is not otherwise provided, the wide-field mode may
provide some improvement in performance.

For evaluation of the overall performance of a complete visual
system comprising both the operator and the PEI system, it is necessary
to consider the spatial frequency response of the eye and the magni-
fication between the PEI display and the retina.

The modulation required by the eye to detect a sine-wave-modulated

luminance pattern depends on both the optical parameters of the eye and
the organization of the neurological centers of the retina. Both are

functions of the luminance level on the display. The required modula-
tion will also depend on fluctuations in the luminance of the display.

If the required modulation is plotted as a function of spatial
frequency on the display, the frequency scale will depend on the dis-
tance from the eye to the display of a television monitor or the sub-
jective magnification of an eyepiece.

The required modulation as a function of frequency in cycles
per inch, calculated from retinal modulation sensitivity curves pub-
lished by A. van Meeteren, reveals that low values of display lumi-
nance have a dramatic effect on the required modulation fur ztion.

It is important in the design of both remote-view television
and direct-view image-intensifier systems to present the output image
to the eye at sufficient luminance and angular size so that required
modulation is not determined by the optical properties of the eye and
the neurological organization of the retina but rather by the funda-
mental effects of output luminous fluctuations on the decision process.
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It has been determined empirically (first article in Part IT)
that excellent correlation exists between the subjective quality of
aerial photographs and the area (MTFA) bounded by the ordinate axis,
the modulation of the photographic image, and the required modulation
function of the eye. The rationale for the choice of the MTFA as an
overall measure of picture quality and observer performance is based
on the observation that easy detection of a particular spatial fre-
quency requires tirat the modulation should be as high (conspicuous)
above that required by the eye as. possible., In aerial photographs,
generally all spatial frequencies are of interest. Hence, the MTFA
was proposed as an overall measure of observer performance and pi:-
ture quality. In visual observation of photographs, the modulation
required by the eye at low spatial frequencies depends on the proper-
ties of the visual system. At higher spatial frequ. =2ies, fluccuatiomns
in grain size set the requirement and cause the required modulation
to rise.

In the case of low image input irradiances to low-light-level
electrooptical systems, a rise in required modulation with increasing
frequency is observed, which is due to fluctuations in the cutput
luminance produced by scintillations on the display.

The probability of correctly identifying a known signal in the
presence of noise is a function of the signal-to-noise ratio.

For a given input-image element size and sampling time, the
signal-to-noise ratio of the output image is determined by four pro-
perties of the system:

1. The size of the entrance pupil of the objective.
2. The quantum efficiency of the photocathode.

3. The internal generation of noise such as 'shot noise in
thermionic current, Johnson noise in the input resistor of
the video amplifier, and fluctuations in electron multipli-

cation processes.
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4, The degree to which the input image can be reproduced on
the display without overlap of the luminance of adjacent
image elements, i.e., the frequency or sine-wave response.

In image-intensifier tubes, thermionic current and fluctuations
in electron multiplication are generally negligible. compared to the
shot noise of the photocathode current, In low-light-level television
systems, it high intensifier gain is provided, the video amplifier
output current consists of a coarse-grained current of large pulses
and a fine-grained noise current.

If it is anticipated that a system will be used for detection
of -images of all sizes on the display, then the overall performance
of a system and an observer will depend on the signal-to-noise ratio
at the display at all frequencies weighted equally.

Besides the combined system and observer performance, it is
useful to specify a measure of performance of the system without
reference to the eye. Such a measure is the signal-to-noise ratio
of the image on the display. The definition of detection efficiency
for infrared point detectors can be logically extended to imaging
systems by utilizing the image signal-to-noise ratio.

D. IMAGE-INTENSIFIER TUBE STRUCTURES

Night-vision systems incorporate a variety of image-intensifier
devices, often in combinations, designed to meet various operational
conditions and military requirements. The physical electronic func-
tions performed in image intensifiers include (1) conversion of the
radiant image formed on the image sensor surface into an electron
image, (2) intensification of the electron image, and (3) conversion
of the intensified electron image formed on the display surface into
a visual image.

In addition to brightness gain, image intensifiers can be used
to provide viewfield zoom by simple electronic means. They are also
simply coupled to television pickup tubes to increase the sensitivity
of low-light-level television systems.
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The most common intensifier module sizes are 16/16, 18/18, 25/25,
40/18, 40/25, 40/40, 80/25, and 80/40 mm, where the first number re-
fers to the photocathode diameter and the last refers to the phosphor
diameter. The approximate dimensions are given in the table below.
These sizes vary considerably from manufacturer to manufacturer but
may be thought of as representative.

TYPICAL INTENSIFIER DIMENSIONS

Photocathode/Phosphrar Zoom Length, Diameter,*
Diameter, mm _ Range in. in,
16/16 1:1 1.65 1.16
18/18 1:1 . 2.0 1.35
25/25 1:1 2.4 2.0
40/25 1:1 5.4 4.0
40/40 1:1 3.7 3.0
60/18 3:1 6.0 3.7
80/25 3:1 8.0 6.0
80/40 3:1 8.0 6.0

*Exclusive of high-voltage insulation

A typical three-stage, modular cascade image-intensifier tube is
shown in Fig. 4. The three modules are mechanically and optically
coupled together and completely encapsulated with the voltage-multiplier
sections of the high-voltage power supply. Electrostatic focusing with
approximately unity magnification is employed in each module. 1Image
inversion, occurring in each of the electrostatically focused modules,
is canceled by image inversion in the objective of complete visual
systems. Cascade image-intensifier tubes are generally made in three
standard sizes: one with an 18-mm cathode, one with a 25-mm cathode,
and one with a 40-mm cathode.

Development of microchanneli-plate secondary-electron-multiplier
arrays, capable of producinc~ .mages of moderate resolution, aroused
interest in the possibility of a simple, single-stage, high-gain
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image-intensifier tube replacement of the three-stage, modular, cascade
image intensifier. It was anticipated that the microchannel intensi-
fiers would offer the advantages not only of smaller size, lighter
weight, and iower cost but also better performance (i.e., higher tar-

However, performance to date generally has been considerably less than

get detection probability due to better spatial frequency resporise).
initially anticipated due to a number of problems peculiar to these

devices that have arisen during their development.

0 +13KV +26KV +39KV

INTENSIFIED
IMAGE OUT

EYEPIECE

OBJECTIVE
LUMINESCENT
SCREEN
FiBER-OPTIC
PLATE PHOTOCATHODE

$3-17-711-1

FIGURE 4. Schematic Diagram of Modular Cascade Image- Intensifier

The microchannel-plate image-intensifier tube multiplies the
number rather than the energy of photoelectrons. It consists of a
fiberoptic faceplate, on the back side of which is formed a photo-
cathode, a microchannel-plate secondary-electron multiplier, and a
second fiberoptic faceplate, on the front side of which is formed a
phosphor screen with the usual aluminum film required to prevent
1light feedback to the photocathode.

Outgassing by the microchannel plate has the adverse effect of
reducing the lifetimes of both the photocathode emission and seconda)
electron multiplication and yields high ion noise.
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The failure of the spatial frequency response.function of micro-
channel-plate image intensifiers to live up to earlier expectations is
due to a number of factors, including the use of proximity focusing
between the microchannel and phosphor screen, the relatively high ap-
plied potential between the microchannel plate and phosphor screen re-
quired for =fficient electron-to-luminant-image conversion in the
phosphor, and the relatively high transverse energies of the secondary
electrons emerging from the channels of the microchannel plate,

A mcre fundamental limitation on frequency response stems from
the mosaic structure of the microch:mmel plate. This limitation de-
pends on the relative spatial phase of the reyular array of channels
and the pericdic Cest pattern used to measure the frequency response.

Image signal-to-noise ratio reduction occurs in microchannel-
plate image intensifiers due to a number of factors in addition to
those common to all intensifier systems, First, some of the photo-
electric current generated by the input irradiance on the photocathode
is lost at the input to the microchannel plate. Second, the secondary-
electron multiplication process in the channels introuduces fluctuations
in the number of output secondary electrons in the cutput pulses.
Fluctuations in the output pulse heights are due to fluctuations in
the secondary emission yield, fluctuation in secondary electron escape
energy, and fluctuations in escape direction,

Other sources cof noise are local variations in the emission prop-
erties of channel walls, ionic feedback due to outgassing from the
class surfaces, aad electrons either reflected or emitted from the
front electrode of the microchannel plate.

The magnitude of the signal-to-noise ratio reduction in micro-
chammel-plate image inten:-fiers due to each of the above factors is
difficult to measure. Wide variaticiis are observed from one tube to
another, Efforts to determine the fluctuations in the electron mul-
tiplication process often have been masked by the overwhelming effects
of ionic feedback noise. Typical values of signal-to-noise ratio re-
duction are nov. ye:@ available,
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Manufacturers' performance data for representative single-stage
and three-stage cascade image-intensifier tubes are presented in this
report (Part IV, Tables IV-2 through IV-10). In our report, and in
those we recommend, performance data, depending on input radiation,
are reported in radiometric units, 7The use of photometric units based
on the lumen, which by definition implicitly depends on the spectral
responsivity of the eye, as a measure of input radiation to a physical

detector is to be discouraged. Further, Tables IV-2 through IV-10
show:

1. Photocathode responsivity specified in milliamperes per watt
of input radiation from a 2854% tungsten source.

2. Gain specified as the ratio of output luminance in font-

lamberts to input irradiation in watts per square meter from
a 2854% source.

3. Eauivalent background input defined as the irradiance of the
input face required from a 2854°K source to produce an addi-
tional output luminance equal to the mean background lumi-
nance existing when the primary photocathode is masked.

4, The modulation transfer function, synonymous with spatial
frequency response or si:.2?-wave response measured with a
sine-wave test pattern. In some cases the available data

are for response to a bar-pattern or square-wave modulated
test pattern.

E. TELEVISION CAMERA TUBE PERFORMANCE AND DATA

New and different types of television camera tubes are becoming
available at an ever increasing rate. While these new sensors must
inevitably lead to improved imaging systems, tie prccess of sensor
selection becomes more demanding and, should the traditional methods
of comparative laboratory evaluation be followed, costs will become
prohibitive to all but the largest laboratories. To evaluate a single
new developmental sensor can oiften require an investment of tens of
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thousands of dollars and many months of time, and there is no assur-
ance that the results of measurements of a sinyle sample will be
representative.

I.. many cases, however, the need for competitive evaluation can

be greatly reduced by use of analytical performance prediction methods.

These methods have been developed recently to the point where the
computed performance of a sensor such as a television camera tube is
found to be in good, if not perfect, agreement with measured capa-
bility. Indeed, in most cases, the difference between computed and
measured performanpe is less than the expected error in measurement.
Significant differences, where they exist, are being rapidly resolved,
but the results now being obtained are quite usable in their present
form. This is particularly true in making sensor comparisons because,
as far as is known, the calculations do not significantly favor one
type of sensor over any other. The principal shortcomings of the
analyses are: (1) they apply mainly to laboratory test charts or
patterns which are one-dimensional in character; (2) the metheds of
describing image lag are quite primitive; and (3) other defects such
as picture uniformity, graininess and blemishes, which are sometimes
lumped into an elusive term called "picture quality," are largely
undefined. Thus, while we can greatly narrow tube selection for any
application analytically, laboratory evaluations cannot be eliminated
completely.

The most useful concepts for judging camera-tube qQuality are the
signal-to-noise ratio at the input to a display, SNRD, and the lag.
Both quantities are dependent upon signal level. SNRD is not only
deperident upon the level of the input signal but is also very much
dependent upon the contrast and the size (spatial frequency) of the
image at the system input.

Thus, one may very well choose a high-gain stack of many inten-
sifiers followed by a garden variety of vidicon if one is looking for
a large, high-contrast object and is not interested in surrounding
detail or shape. On the other hand, if the light level and contrast

¢
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are moderate, an intensifier isocon will show great detail that the

intensifier stack coupled to a vidicon should never be expected to
show.

Performance of camera tubes can be measured. Actually, computa-
tions are probably much faster, more representative, and cheaper than
one set of measurements on, say, a $25,000 low-light-level camera
tube assembly, and there is alway:@ the possibility that one tube may
not be representative.

One should compute the performance over the range of light levels
and over the range of image sizes for which a camera is lesired.
Computations for performance in moving scenes are less reliable but
can be approximated.

Basically, the SNR criterion is a composite function that in-
cludes sensitivity to light level (the light transfer function) and
sensitivity to target size (the aperture function or the modulation
transfer function).

If one has to choose one of several camera tubes and wishes to
make a spot choice, one should choose some object size or size range
and determine whether that corresponds to 100 television lines per
picture height, or 10, or 500. For the frequency ot interest, say,
400 lines, one should determine the aperture response. This may be
given as typically 15 percent or'SOVpepgent of the low-freguency
response (usually assumed 100 percent). One should then find the light
transfer function for the light level of interest in nanocamperes. The
product of the signal current and the aperture function for the light
level and target size chosen is the best quick approximation to tube
evaluation we know. To that evaluation should be added the lag data
that must be determined from the signal current. The choice of the

weighting factors to be applied to good lag versus good sensitivity
is difficult and must ultimately be made on the basis of human factors.
Fortunately, the best tubes tend to be best in both respects.

For more critical work, the computation of SNRD is given in Part
V of this report. Results are given over the entire span of useful
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signal currents (and light levels) and over a wide range of object
sizes (spatial frequencies).

This compilation is probably the most complete that is generally
available.

F. COMPARISON OF LOW-LIGHT-LEVEL TELEVISICN CAMERA TUBES

This report, and especially the material in Part V, deals with -
the better tubes but deals with the SEC tubes at greater length. By
far the greatest number and the best in performance of current low-
light-level television systems use SEC camera tubes.

It must be recognized that the better lov -light-level camera
tubes available today are compromises. The SEC tube., with their low-
capacity, high-gain targets, achieve a modcrately good aperture func-
tion and a moderately good sensitivity at low light levels. The
physical limitations imposed by the low capacitance oi the SEC target
and the broadness of the reading beam prevent SEC tube performance
from increasing dramatically with increasing light levels.

The silicon-electron-bombardment induced-response (SEBIR)* tubes
are generally limited by beam width, beam impedance, and lateral
charge diffusion in the target at localized-high light levels for
bright, small objects in an otherwise dark scene. '

At low signal levels the remarkably high gain of an intensifier
coupled to a silicon target tube yields the best resolution together
with acceptable lag properties at low light levels, and fairly good
resolution but increasing lag as the light levels decrease further.

At these very low levels there may be applications where only
very low resolution is required. For such applications gain is the
principal parameter, and the modulation transfer function, which falls

*
Or SiEBIR. Also variously known as the silicon diode array storage
tube, the silicon intensifier tube (SIT) (RCA), the electron-
bombarded silicon (EBS) tube (Westinghouse), and the intensified
diode array camera (IDAC) tube (Army Electronics Command),
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but very little at low spatial frequencies, is of little concern. A

cheap, effective, but laggy camera for such very-low-level, very-low-
resolution television could employ a standard vidicon with three in-

tensifiers as preamplifiers.

At the extreme low light levels, one can decrease lag by the use
of an additional intensifier. This further reduces resolution but
can result in tolerable levels of lag. The principal disadvantage is
the need for very high voltages to permit the application of about
20 kv per intensifier, i.e., about 60 kv for the preamplifier string!

As the light levels increase, little improvement occurs in the
imagery of the multiple-intensifier vidicon camera. Though there is
more than adequate signal, the cascading of the component MTFs is the
primary limitation, resulting in very low image quality.

There is a trend in cheap cameras toward the use of channel-
plate light amplifiers coupled to vidicons. Unfortunately, some de-
signers believe that such cameras will yield better performance than
the stack of three cascaded intensifiers and a vidicon. The use of
a channel plate does make for much smaller size, and the overall lag
of channel plate plus vidicon is similar to or slightly better than
that of three cascaded intensifiers plus vidicon, but the cost is
appreci~bly higher and the image quality is about the same.

No serious new designs for low-light-level image orthicon cameras
have materialized in the past few years. The previous "Queen of the
Studio™ has been replaced by the Plumbicon PbO vidicon in commercial
broadcasting and by the SEC in airborne low-light-level television.

The offshoot of the image orthicon, the image isocon, has re-
cently been simplified so that its improvements over the orthicon can
be achieved with rather simple camera circuitry. Unfortunately, the
timing of the isocon development was just too late for the commercial
studio market and too late for the rush of camera designs for air-
borne low=-light-level applications. Actually, at all but the lowest
end of the light scale, the imarz isocon, with one additional stage
of intensification for adequate gain, is about the best of the present
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camera tubes. Its excellent electron optics make possible the best
aperture function of any low-light-level tubes for light levels of,
say, quarter moonlight or more. At lower light levels its perform-
ance decreases rather rapidly, but at more modest levels the tube can
produce excellent imagery.

All television camera tubes can be permanently damaged if ex-
posed to a sufficiently intense source of illumination for a long
enough period of time. The problem is particularly severe for sensi-
tive low-light-leve!. television camera tubes. The very bright sources
of illumination to which the tubes can be exposed in the real world
represent even more of an extreme stress for them than for the less

sensitive conventional pickup tubes.

Receﬁt experiments, to be discuésed below, have explored the
threshold of permanent burn for a variety of low-light-level tele-
vision camera tubes. The results of these experiments lead to the
following conclusions:

® Despite the choice-rof the most unfavorable operating condi-
tions (i.e., the use of a fixed photocathode voltage supplied
by a low-impedance source), permanent burn did not occur
until illuminations of 104 and 10lo
normal operating ranges were reached.

times higher than the

® The cause of permanent burn in the SEBIR tube appears to be
X rays produced by the impact of the photoelectrons on the
silicon target.

e For illumination levels up to 5 x 103 watts/mz, the recently
developed burn-resistant SEC camera tube shows a permanent
white burn threshold similar to that of the image orthicon
and the SEBIR tube. The mesh-supported SEC target is 10 to
30 times more burn resistant than its predecessor.

In most camera-tube applications, the extreme conditions dis-
cussed here will not be encountered.
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Image devices designed to operate under low-light-level condi-
tions are not, in general, capable of imaging points of high intensity
within a low-light-level scene without severe spreading of the point-
source image into adjacent areas of the scene. This effect is often
called blooming. Low-light-level television systems in use today are
often of little use in night surveillance of objects in close proximity
to bright man-made illumination sources. These point sources--grcund
fires, flares, ahd shipboard, aircraft, vehicle, or runway lights--
often contribute a larger integrated flux level at the sensor than

that contributed by the entire remainder of the scene while providing
{ little appreciable illumination to the objects under surveillance.
‘ The flux emitted by such sources is diffused or spread by the atmos-
phere and the optics. The resulting photocurrent is, in turn, further
‘ spread by the electron optics and is scattered and spread at target
material of the camera tubes. The result is a large signal spread
over an area many times larger than the point source, obliterating
detail over a significant portion of the picture.

These effects must be considered when tube specifications are
written. Specifications that define the ratio of acceptable image
growth for a given set of point-source-intensity conditions do not
adequately reflect the physical characteristics of the SEBIR camera
tube. The image diameter for at least three signal levels should be
specified for a given input-image size and intensity several orders
of magnitude above the saturation point.

The above type of specification may not be welcomed by all tube
manufacturers. Depending on his application, a buyer may wish to
relax the specification in some respects. However, this kind of
specification* takes into consideration all of the SEBIR characteris-
tics and leaves no room for surprises upon rec.eipt of the tubes. A
specification of this kind must be flexible and must be tightened to
reflect improvements in silicon diode array technology as they are
made .

wSee Part VI for details.
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G. IMPORTANT TUBE PARAMETERS AND THEIR SPECIFICATION

Military applications of low-light-level television camercs are
quite different from the commercial applications of studio television
cameras in bright white light.

A meaningful specification must state the performance of a
camera tube on tne basis of signal-to-noise ratio at the display
versus spatial frequency when the scene is flooded by irradiance of
a known spectral composition, preferably similar to that in the
environment in which the camera will be used. It makes no sense tc
calibrate a camera under visible light of some given spectral distri-
bution and to expect the same performance under light of some other

distribution, i.e., invisible (covert) irradiance.

Furthermore, we have shown that probability of detection is
related to the signal-to-noise ratic a a function of spatial frequency
at the display and is in general not determined by "limiting resolution.”

If broadband spectral sencitivity is desired, and it is often
useful for quality control or rough comparative calculations, one
should specify the performance in terms of a source of known distri-
bution and bandwidth, e.g., a 2854°K source between 0.6 and 0.95
microns. Such a specification permits comparison of tubes in a
specific region of special interest.

The usual figures of microamperes per lumen used in commercial
broadcast television specifications do not offer much help or guidance
in evaluating tubes to operate under natural levels and distributions
©f light from the night sky.

"Sensitivity" and "resolution" must not be quoted as two inde-
pendent parameters, Rather, one must specify SNR (preferably SNRD) as
as function of resolution., As a lesser alternative, one could specify
some other function such as resolution versus irradiation at_a spec-
ified SNR. The actual data required are data of the form of Fig. S.

Lag in some tubes for special purposes is an asset, but usually
it is the chief demerit.
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In addition to the performance of the sensor, one must treat with
equal care most of the same topics discussed previously plus all the
additional factors of a display that can seriously degrade image
quality or perception,

Thus, we must specify for the display an adequate size, bright-
ness. distortion, dynamic range, and freedom frcm banding, line jitter,
crawl, and twinning.

In the recent past, procurement pressures have forced the by-
passing of sound engineering specification and test. Demonstration
prototypes are seen and lixked, and production units are ordeved, often
as "Chinese copies."” In a recent example, the prototype was assembled
from 10 percent and 20 percent tolerance components--but these were
selected and matched by the best technicians and engineers of the
company in their model shop.

- The production units were made to *he same drawings but without
notation about the selection and matching of components. Among other
things, the bandwidth of the production units fell by a factor of 3
below that of the demonstration prototype. The manufacturer claimed
truthfully that a specification for the selection and matching of
components was not part of his contract, but he offered to include it
for a substantial fee and to correct the production units to p;ato-
type performance. Once again, procurement failed for lack of the
important parameters,

In haste for procurement, people have often written specifica-
tions that they could easily understand rather than the specifications
that would govern the performance of the man-machine combination. The
resulting equipment almost always met the specifications agreed to but
performed poorly in operacions,
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I. TINTRODUCTION

by Lucien M. Biberman

A. PURPOSE

The purpose of this report is to present in orderly fashion the
key factors in the design, analysis, and characterization of low-
light-level devices. The parameters of interest are those that have
the greatest effect on tiie transfer of information from the scene be-
fore the lens of the television camera to the human looking at the
picture tute.

That a good picture is better than a bad picture is clear. What
has not been so clear, even to the designers of most television sys-
tems, is how to decide whether the picture on the television screen
is good or bad.

Designers of optical lenses and airborne cameras have given much
thought to the Question of how to predict whether their equipment de-
signs will permit their cl’ents to capture and see specified graphic
detail. The need to meet contractual specifications for camera and
lens performance has promoted a sharper understanding of the lens
quality required to produce recognizeble pictures of terrain from air-
craft or earth satellites. Although questions of image quality, sig-
nal, and noise are still argued, the parameters are now so well known
that a definite range of performance can be expected from photointer-
preters working with imagery produced by lenses and cameras built to
a given s2t of hard physical parameters.

Such predictability can not yet be ascribed to television or
other low-ligt -level systems. It is time that such systems be mcas-
ured qQuantitatively in terms of the performarce they can yield to
human viewers. In his review of this report, Otto Schade points out
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quite correctly that the developers of lenses and films have accepted
and used the sine-wave response from television systems engineering,
whereas the developers of television have been slow to consider their
images as two dimensional, like photographs.

This report expounds the principles that, the authors believe,
govern low-light-level system perfonrmance. The authors hope that de-
cigners will adopt these principles and abandon the loose and useless
ideas underlying the data that have so long been listed as performance
perameters in manufacturers® literature and cataloging.

This is a report for designers who care,

B. ORGANIZATION

In itemizing and discussing the principles and parameters that
govern the operation of low-light-level devices for night vision, one
must consider not only the adequacy of sensor parameters but also the
visual task, the observer's platform (including its speed and distance
from the target), and the a priori information thut the observer brings
with him to his task. Such task-related factors are in addition to
the factors of contrast, motion, clutter, terrain obscuration, shadow-
ing, and the level and qualicty of irradiance flooding the scene.

Two main sets of factors thus govern the performance o man and
nis low=-light-level viewing aids. The first set is well understood
and includes the physics of light, optics, solid state materials, and
engineering approaches to the design of protoelectronic devices. The
second set, relating the huhan observer to his task, is less well
understood. It includes subjective matters as they are affected by
the vicual task, image quality, and time.

This report is not a treatise on the psychophysics of vision,
but it does attempt to separate the visual processes and the periorm-
. ance of the human eye from the physics of .mnage intensification and
television,
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After summarizing 'the early development of low-light-level de-
vices, this Introduction (Part I) briefly reviews some of the subjec-
tive factors in visual performance that are of particular interest to
désigners of devices to aid man in detection, recognition, and identi-
~ fication. Part I concludes by examinimg specifications for low-light-
level devices.

Part II discusses criteria .>r image quality.

Part III examines the human visual process and optical aids to
that process under conditions of low illumination,

Part IV discusses the image intensifier as a device to aid vision
at low light levels and lists the parameters of a variety of available
image intensifiers.

Part V introduces television camera tubes and develops the con-
cepts %eading to SNRD, Rosell's signal-to-noise ratio at the display.
It is-SNRD, the authors believe, that is the most powerful means of
evaluating "resolution," a term usually used loosely and incorrectly.
In SNRD
camera tube performance. This is substantiated by a series of psycho-

one has a meaningful parameter by which to judge television

physical experiments reported herein. For zach tube type, Part V de-
velops the equations to compute SNRD and then graphically presents
data for many useful parameters, including SNRD and the specialized
"limiting resolution" case of SNRD.
- Part VI compares camera tubes on the basis of lag and SNRD and
discusses adverse factors such as "burning" and "blooming."

-Finally, Part VII csums up with some brief comments or important
tube parameters and their specification.
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C. EARLY HISTORY OF THE DEVELOPMENT OF LCW-LiGHT-LEVEL TECHNOLOGY

Low-1light-level technology had its beyinning in the 1930's with
the early concepts of image intensification, which were not basically
different from those we hold today. Unfortunately, the early devices
suffered badly from two major deficiencies, poor .photocathodes and
poor coupling. Between the low quantum yield of fhe.then available
photocathodes* and the losses in coupling, the early image intensifier

was a light amplifier whose net gain was less than one.

The development of both cathode and coupling technologies lifted
the image intensifier from a not very practical concept to the useful
device it now is. The two most important factors were the development
of the trialkali cathode (S-20) and fiber optics coupling.

The material below is an abridged historical review of intensi-
fier development supplied by George Morton. {

The history of intensifiers cannot be divorced
from the history of the signal generating or camera
tube itself. Interest in this area began shortly
after the formalization of electron optics in the
1920's. Much of this early work had as its ulti-
mate objective the application of electron imaging
to the problem of increasing the sensitivity of
television camera tubes. The first published ar=-
ticles on image tubes appeared in the middle 1930's
and included papers by Holts, deBoer, Teves and
Veenemans (Ref. 1), Bruche and Shaffernicht (Ref.
2), Zworykin and Morton (Ref. 3), Heimann (Ref. 4),
and others. The image tubes described were, in
general, single stage converter tubes employing
S~1 semitransparent cathodes. Their sensitivity
to near infrared radiation was one of the features
of interest at the time.

The concept of image intensification by cas-
cading stages was suggested independently by a num-
be» of workers in the field during the same period.
It is impossible to establish priority for the idea
at this date. An early patent in this area was is-
sued to Barthelemy and Leithine (Ref. 5) (31 August

%*
Photocathodes will sometimes be called cathodes in the remainder of
this report.
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1936). This type of device is also described, not
as original, in the book, "Electron Optics," by

L. M. Meyers (1936) (Ref. 6). These intensifiers
employed a phosphor screen closely coupled to a
photocathode as the two-dimensional space current
amplifier., However, at this time, the technology

of photocathodes and phosphors had not developed to
a point where image intensification could be achieved.
The best cathode available was the Ag-0-Cs (S-1)
photoemitter. Even if all the electrons from an
S=1 cathode could be focused into the most efficient
phosphor of that period, the amount of light gener-
ated would be less than the light on that cathode.

During World War II, a good deal of effort went
into the development of image converter tubes for
infrared imaging. In Great Britain, the work was
directed toward proximity focused tubes, while in
the United States (Ref. 7) and in Germany (Ref. 8),
electrostatically focused image tubes were developed
into practical production-type devices.

The period following World War IT witnessed
greatly accelerated research on image intensifiers,
It was during this period that the cesium antimony
cathode was developed by P. Goerlich (Ref. 9).

This, together with advances in phosphors, made it
possible to obtain a current gain with the combina-
tion of a fluorescent screen and photocathodes,

Work had begun at RCA as early as 1941 on investi-
gating the current gain that can be obtained with
an intensifier screen consisting of a thin glass or
mica supporting membrane coated on one sic: with a
phosphor layer and on the other with a photocathode.
The first practical image intensifier utilizing this
principle was completed in 1949 (Ref. 10). In Ger-
mdny, a similar development was reported in a re-
view, "The Development of Infrared Techniques in
Germany," by Krezik and Vand in 1946 (Ref. 8). The
zxact date and performance of this tube are not
known, but it is believed that it was built by
Schaffernicht.

Image brightness intensification by fractional
megnification had been used even in the early infra-
red image tubes (Ref. 7). This principle was suc-
cessfully applied to visible light image intensifiers
to be used in fluoroscopic diagnosis by Westinghouse
in the United States and by Philips in Holland.

Transmission secondary emission was made feas-
ible for image intensification by the work of Sternglass
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(Ref. 11) at Westinghouse who found that aluminum
oxide supported potassium chloride layers would
yield as many as 8 or 10 secondary electrons when
bombarded with 6- to 8-kv primary electrons. At-
tempts to employ such films in a multi-stage in-
tensifier were rather unsuccessful until about 1959
when Wilcock, at the Imperial College of London,
succeeded in building spectacularly successful
tubes. This brought this form of intensifier to 2
point where it was a fairly serious cumpetitor for
intensifiers using cascaded phosphor-photocathode
screens,

A third type of intensifier which received a
small amount of attention over most of this period
and which recently has gained considerable promi-
nence is the multichannel secondary emission in-
tensifier now usually called the microchannel plate
intensifier. Each picture element of this type of
intensifier is a minute multi-stage secondary emis-
sion multiplier. The first experiments were low-
resolution devices fabricated element by element
using tubular multiplier structire. Wcrk along these
lines was done at RCA Laborato - es, the Imperial
College of London (Ref. 12}, Ch.cago Midway Labora-
tories (Ref. 13) and other laboratories. This was
followed by attempts to use registered plates of
metal (dynode material) and insulator, with arrays
of shaped holes, to give the dynode geometries.
More recent work grew out of that by the Bendix
Aviation group (Ref. 14) in the late 1950's.

Fiber optics is another development which -has
resulted in a considerable advance in the intensifier
art, The development of fiber optics was contributed
by a number of optical companies, The role played
by the American Optical Company was a major one in
the initial stages, and later Mosaic Fabrications
continued this work.

Fiber-optic discs facilitate efficient optical coupling of in-
tensifier tubes to other intensifiers or to camera tubes and permit

construction of the modern modular cascade image intensifiers de-

scribed in Ref. 15.

versally adopted for all quality programming.

The development of low-light-level television as we know it to-
day really began with the advent of the image orthicon tube in 1946.
The orthicon became the "queen of the television studio" and was uni-
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stuuic lighting made the S-10 cathode quite suitable for orthicons
and thus formed a basis upon which later technology could build.

The combination of the spectral response of the S-10 cathodes
used in most orthicons designed for commercial television and studio
lighting gave rise to an overall spectral response that was not too
far different from that usually attributed to the photopic eye. Thus,
technicians proceeded to use visual-response light meters with tele-
vision tubes, although this was known to be improper theoretically.

The advent of better cathodes such as the modern S-20, S-20VR,*
S-25, and related surfaces has made such practices not only theoretically
wrong but practically inappropriate, but then so are most of the com-
mercially published specifications.

Manufacturers of televisjon tubes (and also manufacturers of
photographic films) are quick to point out that they use data measured
with visual-response light meters for their own purposes in quality
control and that it is nct their fault if systems people misinterprest
and misuse their data.

Figure I-1, taken from a manufacturer's pamphlet, has been
crossed out as a warning not to use such a method of computation. It
is wrong and very misleading.

The nomogram in Fig. I-1 has basic flaws and leads one a'.cray
for two reasons:

1. The chart is based upon 2854% radiation, whereas 3000° to -
5000 indoors or 2000° to 15,000°K outdoors (Ref. 16) under
. conditions of starlight or north light in daytime can very
well be representative of usual lighting.

2. The footcandle is a unit by which one judges human visual
performance. It is normalized to the human eye and IS
INDEPENDENT OF SPECTRAL DISTRIBUTION., This normaiization

*

S-20VR is not a term of the Joint Electron Device Engineering Council
(JEDEC) but is applied to the recent better cathodes by Varo, Inc.,
and others,
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FIGURE I-1. Camera Tube Data Typical of Manufacturers' Literature

44

SR

R bl




3

does not apply to camera tubes unless they are specifically

normalized to the human visual response by the use of color
filters, and very few camera tubes are.

4

Although the data in the nomogram of Fig. I-1 are based on 2854%

radiation, the table at the bottom of the figure definitely infers
that it applies to sunlight or moonlight of a specified number of
footcandles. THAT INFERENCE IS INVALID. Results calculated as these

were are _erroneous. One of the purposes of this report is to dispel
the popular misconception that Fig. I-1 represents.

Until quite recently, very little engineering information on
television camera tubes was available. About the best to be found
was in the data sheets put out by General Electric., One could fird
in such sheets data on the "luminous sensitivity" or the signal cur-
rent in amperes per lumen, and if one knew that what was meant was
not really a lumen but rather the number of 2854°K watts of radiant
power when an illuminometer registered one lumen, then one could,
from the data shown on the relative spectral response, calculate the
absolute response of the tube in question (Refs. 17, 18). From that,
one could then go on to calculate such things as the limiting resolu-
tion for different levels of light and for different spectral distri-
butions.

Certainly, the above is far different from the process indicated
in the nomogram of Fig, I-l. After all these computations, however,
one would know only the limiting resolution. Could one perhaps infer
that one tube would produce a better picture than another if its
limiting resolution were better than the other's? For seemingly
identical tubes off the same production line that would probably be
true, but for different types of tubes that would be a dangerous

assumption--sometimes true, often not.
i

Thus it is clear that to use the nomogram oneiﬁﬁ{k know not ohly.

how many footcandles are involved but also what kind of footcandles
they are (i.e., from what source) and what kind of cathode will sense
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them. One must then perform all the necessary numerical integrations.
The footcandle was conceived to make such calculations unnecessary in
visual problems and to make the eye independent of the spcctral com-
position of the illumination when measured in footcandles., The foot-
candle obviously does not fit television sensors. THE FOOTCANDLE
SHOULD NOT BE USED IN SPECIFICATIONS OR COMPUTATIONS FOR THE DESIGN
OR EVALUATION OF LOW-LIGHT-LEVEL DEVICES.

Figures I-1 and I-2 illustrate camera tube specifications of a
reputable manufacturer. To the uninitiated they look technical, logi-
cal, and factual. The fact that they do not enable one to compute the
probability of seeing a target (or even a bar chart) has not yet stopped
the use of such inappropriate data as a basis for procurement.

The nomograph in Fig. I-1 is in fact erroneous and misleading be-
cause it allows one to use scene illumination without regard to color
or color temperature, i.e., spectral distributions. The rest of the
data, while factual, is logical and useful only to the tube manufacturer--
not to the user.

In the preceding material, the inference is that manufacturers
do not know better than to use footcandles and other photometric terms
in describing electrooptical device perfcrmance. Though this may be
partially true, it was encouraged by early military requests for com=-
parisons to be made against unaided visual performance. The question
was usually asked, "How well can I see with my eyes in varying degrees
of darkness, and how well can your low-light-level television see?"
Thus, the darkness was measured with a photometer to give a subjective
measure, and this was propagated into military practice.

This history does not justify the present situation but dces
explain why it is difficult to eradicate or change. One should ask
the same procurement or specificatior people how they specify the
sensitivity of infrared mapping equipment, a FLIR, or a radar receiver--

in lumens or watts? Low-light-level devices are primarily near-

infrared devices=--visual units and measures do not apply.
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N, CRITERIA FOR SYSTEM QUALITY

There are currently three important classes of high-resolution
night sensors:
, 1. Forward-looking infrared (FLIR)
2. Direct-view image intensifiers
Low-light-level television (LLLTV)

WOR IV 1o o T T

Normally FLIR and LLLTV devices use a picturé tube display, while the
direct-view imace intensifier devices use an eyepiece focused on the
intensifier phosphor,

5ystems of all three classes, but principally FLIR and LLLTV
systems, suffer from the lack of a cuitable output or display. This
problem is most severe for FLIR and LLLTV systems for two main reasons:
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1. In many applicacions, it is difficult to find room for a
display tube of adequate size, so that often the performance
of the entire sensor system is compromised because its dis-
play tupe presents a picture too small to permit visibility i
of the detail that is present. The directly viewed image in- i
tensifier device presents a "virtual" image that appears
large and thus permits detail present on the phosphor to be

seen by the observer.

2. The television raster, with its line structure, tends to
bother the observer when he is looking for details that ap-
proximate the dimensions of the raster structure. DJirectly
viewed devices do not generate rasters, and the corresponding
problem due to the fiber optics pattern or phosphor grain
does not occur until much higher levels of spatial frequency
(resolution) are consider=d.

Images of rectangular objects parallel to the raster lin2s tend
to loose their horizontal bouindaries (but not their vertical boundaries)
because they blend with the raster lines. Ohmart (Ref. 19) has shown
that this effect increases the required search time for such objects
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by a very significant amount. The jeneral case of image reproduction
by a line raster process is discussed in the second article in Part II.

The problem of display size has long been understood. Steedman
ard Baker (Ref, 20) analyzed it long ago, but their work has been
ignored because their data complicdte the problem of systems design.
More of the early cirborn. systems were deficient because of inade-

quate display size than for almost any other reason.

One earlv LLLTV device for a helicopter was judged to have resolu-
tion too pocr for operational use. That was true, but the deficiency
was due neither to the camera nor to the display. The 8-in, display
was good enough and big enough for the quality of the camera used. To
maintain the status quo in the cockpit, however, the display had been
mounted on the deck next to the pilot's left ankle. At that distance,
the television screen, as seen by the pilot's eyes, had insufficient

resolution., An eyepiece focused on a 1l-in. display tube would have
given the pilot an apparent image about 20 in. in diameter and about
20 in, away--an image about ten times as large. Thus, the pilot
would have had a tenfold improvement in his wvisual ability.

But eyepieces--even those with rubber eye cups and forehead
braces--are less than enthusiastically received by aircrews. Thus
one gets good display quality with uncomfortable &nd unloved eyepieces,
or one gets compact display tubes that are far too small to permit
recognition of the detail that the sensors are designed to produce.
As a result, there are some fine systems under design or in production
that overmatch the human eye by factors of 4 to 10. That is, the de-
tail displayed by the sensor is of good quality, but a magnifying
glass of 4 to 10 power is required to enable an airborne observer to
see it,

This topic has been treated by many authors (Refs. 21-26), in-
cluding th- present one, with but little effect upon those project
officers who try to replace an existing radarscope with a universal
display tube to provide a multisensor display. The usual result of
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such attempts is not &« multipurpose display but a fractionally effec-
tive display connected to multiple sensors in a manner that degrades

image quality to a level of near uselessness. Moreover, there is

little understanding of the image quality needed to perform the func-

tions of search, detection, identification, and recognition, It is
upon siuch image quality that cdesign specifications should be based.

Joi.n Jobhnson, of the Night Vision Laboratories, did research on
image quality and published his findings in a 1958 report (Ref. 27)
that is used as the present-day Bible on the subject. Unfortunately,
the important diagrams and tables in Johnson's report are separated
from the explanatory text. Thus, where the text states that "for a
target to be recognizable, there must be system 'resolution' suffi-
cient to place 4.0 + 0.8 line pairs* across the critical dimension of
that target," the related table and diagram show "resolution across
minimum dimension" and make no reference to "line pairs," which is
the universal standard of resolution terminology EXCEPT in the tele-
vision industry, which talks about "TV lines."* Further, Johnson as-
sumes a knowledgeable readership and so does not explain the implirit

relationships bectween resolution and contrast.

As a result, designers commcnly misuse Johnson's data, referring
to "lines on target" instead of line pairs in the minimum dimension at
a contrast considerably above liminal, This confusion of "line pairs"
with "TV lines" often results in systems that are underdesigned or
underspecified by a factor of 2, Confusion of "lines on target" with
"line pairs per minimum dimension" leads not only to the line-pair
error but also to neglect of the length-to-width ratio of typic.l tar=-
gets.** These two errors result in a typical underdesign factor of 4,
Further, specification and acceptance procedures are so inappropriate
and so casual that there is little reason to believe that the image

*
One line pair equals two "TV lines." For further discussion of

image quality see Part II.
*k

™he sim.larities and differences between the detection of single
isolated signals and the detection of periodic signals (e.g:, bar
targets) are treated in detail in Section V-A.
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quality the cortracting officer thinks he has specified will ever
emerge.

The preparation of formal specifi-.tions must be based upon a
sound understanding of principles of operation and of the principal
paramerers that govern performance. This report attempts to give the
reader that understanding. Specification and acceptance test proce-
dures for low-light-level devices are covered quite fully in Ref. 15,
and that coverage will not be duplicated here.

Corresponding material on FLIR has been published as IDA Paper
P-676.

A committee has at last been set up at the Air Force Avionics
Laboratory (AFAL), Wright-Patterson Air Force Base, to see that, be=
ginning in FY 1970, procurements originating at AFAL provide meaningful
specifications in accordance with at least these four guidelines:

1. Input flux level will be defined radiometrically and spatially.
2. Output flux level will be defined photometrically and
spatially.
3. Specification will call for output/input functions rather
than single-number designators.
4, Specifications will call for signal-to-noise performance

. functions at input, output, and various pertinent points in
between,

The really big procurements com. not from RED organizations such as
AFAL, however, but from system engineering groups or special project
offices that have not heard about these guidelines or may not have
understood their significance.

As a case in point, present understanding of the FLIR (and LLLTV)
problem is well documented in a pair of papers presented in May 1969
at the 17th National Infrared Information Symposium (IRIS) by John M.
Lloyd and Robert Sendall (Refs. 28, 29), who were largely responsible
for getting the Army's Passive Infrared Night Equipment (PINE) speci-
fication written in accordance with the above guidelines. Further
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work by Lloyd and Joseph R. Moulton (Refs, 30, 31) was presented at the
18th National IRIS in May 1970. Sendall, Moulton, and Lloyd have at-
tempted to relate specifications to those factors demonstrated to be
important tc man's visual performance, such as tae area between the
modulation transfer function (MIF) of the equipment and the demand
modulation function (DMF) of the observer, to be discussed in Part II

of this reporct.

As a further example of such factors, other studies reported
"elsewhere* conclude that the curve of probability versus range for the
detection of targets at a known location is independent of the speed
at which the observer approaches the target. Under such conditions,
the probability “ata indicate that the observer will see the target
just as soon as the target image size and brightness are sufficient
to fulfill the observer's acuity requirements. There is essentially
no delay for search, as the observer has narrowed his attention to
that specific place where the target will appear. Data indicate that
this independence of closing rate applies from rates of zero to at
least 350 knots. '

When tihe observer does not know where to expect targets, the
range is chortened by the product of the observer's search function
time and his approach velocity. For example, the search of a display
for high-contrast objects subtending about 15 minutes of arc is about
10 sec for about 50 percent probability. Thus, in an aircraft moving
at 500 ft/sec, the ability to find a target in a unknown location at
a distance of 2 miles is reduced to half that range, or 1 mile, due

to the time expended in search.

The quality of the camera little affects this kind of range de-
gradation, For a system of poor image quality, however, the already
poor range performance can become useless or nearly useless in fast-
aircraft search tasks.,

%
In IDA Study S-2%46 (classified), Vol. II, Appendix D, p. 69,
December 1949.
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The relationship between an observer's performance and the per-
formance of the image-forming system he is using is expressed by the
difference between the MTF of the equipment and the DMF of the ob-
server, as mentioned earlier. The DMF* is not very well know except
for a few isolated tasks such as recognition of standard USF three-
bar test target patterns.,

Tests in which targets are immersed in varying deyrees of clutter
indicate that the search function tekes so long that the observer has
closed to such a short range before he detects the target that he de-
tects it and recognizes it simultaneously. 1In fact, under some con-
ditions, detection, recognition, and identification occur almost simul-
tanecusly.

The proper design of low-light-level devices starts, therefore,
with &n understanding of the difficulty of the visual task and thus
with an understanding of the form of the DMF. The MTF of .the system i
or, more important, the signal-to-noise ratio versus spatial frequency
must then be matched to that. demand curve to ensure, at least theo-
retically, befcre detailed design begins, that a real and useful de- ;
vice can be produced. Had this process been carried out in the past, i
it is quite probablz that the vast majority of low-light-level systems ;
designed to meet specific requirements would have been recognized as

inadequate before they became hardware.

The form and performance of such devices are closely related to
the application, that is, to the character of the scene--its spectral
composition, ~cntrast, and radiance--to the difficulty and the degree

of detail in the visual task to be performed, and to the required :
speed of performance. The time the observer has in which'to make his %
observation and the detail required in his observation are fagtors ;
usually overlooked' in discussing the capabilities of these devices,

%
Sometimes called the aerial image modulation (AIM) curve.
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Because of neglect of such factors, many attempts have been made
to use for technical or military purposes an inappropriate family of
parameters that have gained acceptance in entertainment television.
These attempts have led to gross misestimates of system capability.
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II. IMLGE QUALTTY

Here in Part II we discuss the pertormance of low-light-level devices. The
ultimate measure of their performance is how well people perform visual tasks with

the assistance of there devices.

" Actually, low-light-ievel devices can be classified according to the form of
the imagery. Image intensifiers produce images that are like photographs in their
continuity along both the vertical and horizontal axes. Television devices sample
the imagery and present it in sequential lines written at very high speed by a single
tiny, moving spot, relying upon the persistence of the phosphor and the iuman eye
to integrate the flying spot into an image. Forward-looking infrezed imaging devices
sample in two dimensiors anc use the flying spot to paint a series of dots of varying
brighiness that, again, are integraied by the eye into a picture.

The problems of sampling* strongly afiect system design and the human

perception process.

In the first of the following two articles, Harry Snyder examines the relation-
ship between image quality in nonsampled image systems and human operator per-

formance. In ihe second zrticle, Otto Schade discusses the process of image forma-

tion by a raster (sampliug) process.

This material ic in turn followed by a detailed description of nonsampling
low-light-level devices ir. Parts III and IV and then by a description of raster-

forming cdevices in Part V.

*Institute for Defense Analyses, Selected Papers on Image Quality in
Sampled Data Systems, IDA Paper P-741, Lucien M, Biberman et al.,
in publication.
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PHOTOGRAPHIC IMAGE QUALITY AND OPERATOR PERTORMANCE

by Harry L. Snyder

A. INTRODUCTION

The purpose of this section is to describe the present state of
knowledge about the ability of a trained observer to obtain target-
relevant information from an imaging system display, and to relate this
information-extraction performance t~ design characteristics of the
imaging system. Unfortunately, as shall be noted below, the research
pertaining to this relationship for low-light-level systems is somewhat
ambiguous, and one must rely upon the related definitive data from the
imagery developed by hard-copy photographic systems and then develop an
analytical generalization to raster-scan systems.

During the past two decades, over 300 laboratory and analytical
studies have been performed to assess the relationship between varia-
tion in line-scan display image parameters and observer performance.
Conclisions drawn from critical reviews of these studies (e.g., Refs,
1-4) have indicated that cross-study <comparisons are virtually impos-
sible. Variation in specific system design parameters, or in the
manner by which display image quality is synthetically manipulated,
is often incompletely controlled, so thet concomitant variation in
the several contributing sources of imeage quality results, Table II-1
lists some of the experimental variables which have been shown to have
a significant effect upon operator information-extraction (e.g., tar-
get-acquisition) performance. It should be noted that individual ex-
periments have tended to examine the effects of one, two, and some-
times thrce such variables., However, due to the inherent interaction
(nonindependence) among these variables in their effects upon operator
performance, quantitative combination of the results is hazardous even
in the presence of good experimental control and measurement., In the
absence of such control, any a posteriori attempt to combine the re-
sults is merely foolish,
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TABLE II-1. SOME OF THE VARIABLES AFFECTING INFORMATION

EXTRACTION PERFORMANCE

Atmosghere

Aerosol Content
Cloud Cover
TI1lumination Level

Sensor

Bandwidth

Number of Scan Lines
Field of View
Field/Frame Rate
Aspect Ratio

S/N Level

Scene

Target Characteristics
Background Characteristics

Terrain Masking
Clutter Level

Disglax

Luminance

Size

Number of Scan Lines
Contrast

Scene Movement

Integration Time Dynamic Range
Gamma
Image Processing S/N Level

Aspect Ratio

Edge Enhancement
Gamma
Spatial Filtering

Because of these gross conflicts and inconsistencies in the ex-
perimental literature dealing with the effects of individual system
parameters, recent efforts have been oriented toward the development
of (1) analytical expressions of overall image quality, such as those
discussed in Part V of this volume, and (2) experimental evaluations
of logically derived summary measures of image quality. The remainder
of Part II will discuss the present content and limitations of data
pertaining to summary measures of image quality and operator perform-
ance,

B, MODULATION TRANSFER FUNCTION AREA (MTFA)

Any summary measure of image quality, to be useful, must be (1)
easily measured for existing imaging s''stems, (2) qQuantitatively pre-
dictable, analytically, for future imaging systems at the paper de-
sign stage, and (3) highly correlated with (or validated by) empirically
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determined operator performance under the operational conditions of
interest for the specified missinn. To date, the summary measure of
image quality which shows the greatest promise for meeting these
criteria is the modulation transfer function area (MTFA).

Originally proposed by Charman and Olin (Ref. 5), who termed it
the threshold quality factor, and renamed by Borough et al. (Ref. 6),
the MTFA concept has been evaluated in two experimental situations and
demonstrated to relate strongly to the ability of image interpreters
to obtain critical information from reconnaissance photographic im-
agery. In its original form, the MIFA was proposed as a unitary meas-
ure of photographic image qunality which contains "the cumulative ef-
fect of the various stages of the atmosphere-camera-emulsion-development-
observation process, the 'noise' introduced in the perceived image by
ptiotographic grain, and the limitations imposed by the physiologicas
and psychological systems of the observer" (Ref., 5, p. 385), Whil«
this measure was originally developed for direct photographic systen.:,
'its generalization to electrooptical sys-ems is analytically straight-
forward,

The MTFA is derived in such a manner as to make use of the modu-
lation transfer function (MIF) of the imaging system, thereby retain-
ing the analytical convenience of component analysis based upon sine-
wave response characteristics. In addition, it attempts to take into
account other variables critical to the imaging and interpreting prob-
lem, such as exposure, the characteristic curve, granularity, the
human observer capabilities ar.] limitations, and the nature of the
interpretation task. For the electrooptical system, the first three
of these variables can be considered analogous to detector irradiance
level, gamma (typically unity), and noise, respectively.

Figure II-1 shows that the MTFA is the area bounded by the imaging
system MTF curve and the detection threshold curve of the total system,
including the eye. The MTIF curve for the imaging system is obtained
in the conventional manner, while the detection threshold curve requires
several assumptions regarding the human operator. Specifically, it is



assumed that the viewing conditions are optimum, and that threshold

detection of any target in the imaged display is a function of the

target image contrast modulation, the noise in the observer visual

system, and the noise in the imaging system exclusive of the observer.

It chould be noted that the crossover of the two curves in Fig. II-1

represents
get.

IMAGE MODULATION =l

52-16-71-

the limiting resolution of the system for a sine-wave tar-

o
\ SYSTEM
: MTF CURVE
\ DETECTION
THRESHOLD
\\ CURVE

LIMITING
RESOLUTION

7

b o i s i 3

SPATIAL FREQUENCY V, lines/mm el

FIGURE II-1. Modulatior. Transfer Function Area (MTFA)

At low spatial frequencies, the threshold detection curve is

dependent upon the properties of the human visual system, as shown in

Fig. II-2,

At higher spatial frequencies, the effect of imaging sys-

tem noise becomes important. For the photographic case, this imaging

system noise is equivalent to granularity.

It is assumed further that

the eye's contrast threshold is 0.04, so that this target image con-

trast modulation must be realized at the display for the target to be

detected, regardless of the contrast modulation of the target object.
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Figure IT-2 illustrates the normalized detection threshold curve,
which must be adjusted both vertically and horizontally for a specific

set of conditions. First, the curve is positioned vertically by in-
M_(v)
creasing Fhe normalized ordinate scale by -Eﬂ_—’ where Mt(v) is the

norma{fzed value as shown in Fig. II-2 and Moois the object contrast
modulation. Note that the lower portion of the threshold curve (at
the lower spatial frequencies) is also adjusted by the system gamma,
which, if greater than unity, enhances the modulation recorded at the

display (e.g., the film) so that the minimum detectable threshold
0.04

modulstion decreases by

Next, the detection threshold curve is positioned horizontally by
multiplying the scale of the abscissa in Fig. II-2 by 53%57’ where C
is an empirically derived constant [0.03 for fine-grained films and
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0.04 for coarser grained films (Ref. 7)] and o(D) is equal to the rms
granularity measured with a 24-micron scanning aperture, as used in
the Kodak handbooks.

2000 I s

Algebraically, the detection threshold curve for a photographic
system is therefore (Ref. 5):

-1 1/2
M (V) = 0.034'[@%;;7] [0.033 + c(D)2v252]

in which

v = any spatiai frequency, in lines per millimeter
0.034 = an empirically derived constant™
D = mean film density

S i Mkt sl

E = exposure
0.033 = an empirically derived constant*
o(D) = rms granularity for a 24 W scanning aperture i

S = signal-teo-noise ratio necessary for threshold view- .
ing, assumed to be about 4.5 (Ref. 14). '

dD s . . . 5
oo B = film characteristic slope, including effects of .
10910E development . ;
When the MTF curve and the detection threshold curve are plotted -‘

on log-log coordinates (Ref. 6), the expression for the MTFA becomes:

MTFA (log-log)

log v log v M (V) j
(%og T;)d log v - log W d lo .
0 ; E

log v, log Vo
1og v M,T,, :
= log Mt 9 d log v
log Vo

*
For derivation, see Charman and Olin (Ref. S5). Generation of these
values is considered unimportant in the present context.
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where
Vo = the low spatial frgquency limit, in lines/millimeter
= the spatial frequency at which the MTF curve crosses the
detection threshold curve (limiting resolution)
Tv = the MIF value at spatial frquency v
Mb = the object contrast modulation \
Mt(v) = the normalized detection threshold curve value, as taken

from Fig. II-2.

When the MIF curve and the detection threshold curve are plotted
on linear coordinates, the area of interest is given by (Ref. 6):

"1 M (V)
MTFA (linear) = / (Tv - T—)dv.
(o]

0

The linear form computation utilizes no lower frequency cutoff,
whereas the log=-log formulation employs an arbitrary cutoff at, say,
10 lines/millimeter. The reason for this difference is simply that
the log-log plot integration would place an inappropriately large
weight upon integration over the lower spatial frequencies were this
cutoff eliminated. The nature of the linear plot avoids the need for
such an arbitrary cutoff.

It might also be noted, parenthetically, that the detection
threshold curve, as described here, is akin to such concepts as con-
trast sensitivity (Ref. 8), sine-wave response (Refs. 9-11), and de-
mand modulation function (DMF).

C. EVALUATION OF THE MTFA

To date, two empirical evaluations of the MTFA concept have been
conducted, both using photographic imagery. In the first study (Ref.
6), an attempt was made to relate MTFA to subjective estimates of
image quality obtained from a large number of trained image inter-
preters. In the second of these experiments, actual information-
extraction performance data were obtained, as well as subjective
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estimates of image quality, and both measures were compared with the
MTFA values ¢f the imagery. Schematically, these relationships can be
thought of-as those depicted in Fig., II-3. While it is desirable from
an operational viewpoint to have a quick judgment of subjective image
quality to serve as an indicant of the quality of any source of im-
agery for, say, rapid screening purposes, the critical measure of
goodness of any imaging system is the ability of the observer to per-
form the required information-extraction tasks.

PHYSICAL 0.97 SUBJECTIVE
MEASURES 1@ Pl MeAsures
(MTFA)

INFORMATION
EXTRACTION
PERFORMANCE

§3-17-71-2

FIGURE II-3. Indices of Image Quality

In the first study to evaluate MIFA, the purpcse was to determine
whether a strong relationship existed between MIFA and subjective image
quality. This limited evaluation was imposed simply to reduce data
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collection costs in thie evernt that the MTFA measure proved fruitless.
In this experiment performed by Borough et al. (Ref. 6), nine photo-
graphic reconnaissance n=:gatives were used as the basis for laboratory-
2controllec manipulation of image quality. Each of the scenes was
printed in 32 different MIFA variants, determined by four different
MTF's, three levels of granularity, and three levels of contrast, as
illustrated in Fig. II-4. Four cells of the matrix were celeted be-
cause their MITFA values corresponded to others in the 32-cell matrix,
The MTF curves are illustrated in Fig., II-S.

min

C
ONTRAST, lm‘/ﬁ

53-17-71-4

FIGURE 11-4. Production of MTFA Values

The resulting 288 transparencies (9 scenes by 32 variants/scene)
were used in a3 partial paired-comparison evaluation by 36 experienced
photointerpreters. The subjects were asked to select the photo of
each pair that had the bhest quality for extraction of intelligence
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information. All pairs were composed of two variants of the same
scene; each subject made a total of 256 comparisons, for a grand total
for all subjects of 36 x 256 = 9216 judgments.

Correlations were obtained between the subjective image quality
rating (derived from the paired comparisons) for each of the 32 vari-
ants and several physical measures of image quality. Table II-2 shows
the results. Most important to this discussion is fhe mean correla-
tion of 0.92 between MTFA (linear) and subjective image quality, which
indicates that MTFA is strongly related to subjective estimates of
image quality.

TABLE II-2. CORRELATIONS OF PHYSICAL VARTIABLES WITH SUBJECTIVE
IMAGE QUALITY SCALE VALUE

Physical Scene Number
Variables 1 2 3 4 5 6 7 8 3

Mean r*

MTFA (Linear){ 0.921 0.927 0,900 0.925 0,935 0.919 0.919 0.920 0.913| 0.920%*
Modulation 0.220 0.641 0.511 0.618 0.680 0.699 0.497 0.698 0.632( 0.576
MTF 0.698 0,529 0.580 0.660 G,579 0,608 0.697 0.469 0,542| 0.601
Granularity -0.543 -0.632 -0.618 -0.450 -0.516 -0,428 -0,505 -0,589 -0.577| -0.543

MTFA (Log- 0.666 0.863 0.866 0.821 0.874 0,890 0.749 0.902 0.876 0.846
Log=-=2 Cycle)

MTFA (Log- 0.768 0.923 0.923 0.867 0.920 0.921 0.824 0.941 0.920 0.900
Log=-=-10

Cycle)

Acutance 0,599 0.448 0.526 0,568 0.564 0,599 0.625 0.440 0,602 0.555

*
These mean values were determined by transforming the correlations to Fisher's Z values.
Such a transformation is necessary when correlations are being combined to obtain a mean
correlation,

**
This mean value was significantly greater (p < 0.0l) than all cf the other mean correla-
tion values except the value for MTFA (Log-Log--10 Cycle). This latter value was still
significantly less than the MTFA linear value at the 0.05 level of significance.

The next experiment, by Klingberg, Elworth, and Filleau (Ref. 12),
examined the relationship between objectively measured information-
extraction performance and the MTFA values. As a check on the results
of Borough et al., Klingberg et al. also obtained subjective estimates




of image quality, so that all three correlations suggested by Fig.
II-3 were evaluated.

L

The imagery used for this experiment was the same as that used by
Borough et al. (Ref. 6). A group of 384 trained military photointer-
preters served as subjects. Each subject was given one variant of
each of the nine scenes and asked to (1) rank the image on a nine-
poin® interpretability scale, using utility of image quality for in-
formation oxtraction as the criterion, and (2) answer each of eight
multiple-choice questions dealing with the content of the scene. The
interpretability scale values were used to develop a subjective image
quality measur2 for the 288 images, while scores on the multiple-
choice interpretation questions were used to measure information-
extraction performance.

Figure II-6 shows the scattergram between information-extraction
performance and MTFA for the 32 MIFA values. The resulting correla-
tion, averaged across the nine scenes, is -0,93. (The minus value is
due to the use of number of errors, which is inversely related to
MTFA, as a measure.)

Individual correlations among performance, MIFA, and subjective
qQuality (rank) are chown in Table ITI-3., It is apparent thut the re-
lationship between MTFA and performance is not s high for some scenes
(e.G., 6 and 9) as for others, but that the mean correlation r across
scenes (0.72) is quivte high. Purther, if one disregards scene content
and places all scenes on a common performance continuum, the correla-
tion of -0.93 accounts for over 86 percent of the variance in
information-extraction performance. Further, the 0.97 correlation
of MIFA with subjective quality (rank) agrees quite well with the
~orrelation of 0.92 obtained by Borough ef al.

A further comparison among these measures is given in Table II-4,
which compares the paired-comparison subjective quality values V of
Borough et al. with the other measures obtained by Klingberg et al.
both for individual scenes and all nine scenes combined. As the sum-
mary matrix indicates, information-extraction performance, MTFA, and
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subjectively scaled image quality (obtained by either absolute judg-
ments or paired comparisons) intercorrelate highly. These resulting
values are shown on the appropriate lines in Fig. II-3.

TABLE II-3, CORRELATIONS (PEARSON r's) BETWEEN IMAGE QUALITY,
INTERPRETER PERFORMANCE AND SUBJECTIVE JUDGMENTS

Scene 1 2 3 4 5 6 7 8 9 T* | r **

Performance/MIFA 0.69 0.66 0.80 0.65 0.78 0.55 0.84 0.86 0.46| 0,72 0.93
Performance/Rank 0,71 0,67 0.89 0,60 0,80 0.42 0,78 0.76 0,42]0.70/ 0,96

MTFA/Rank 0.90 0.87 0.90 0.93 0.94 0.87 0.32 0.86 0.83;0.90] 0.97

N

32 image quality levels (MTFR)

*_
r

e
T,

Average of r's using Z scores.

Values averaged across scenes before computing correlation,

D. CONCLUSIONS AND CAUTIONS

These data show that a measure of image quality based upon the
excess of MTF over the threshold detection level correlates highly
with the ability of observers to obtain critical operational informa-
tion from the imagery.* As will Le shown in Part V of this report,
there are other ways to define the same (or a very similar) quantity.
For example, Rosell's display signal-to-noise ratio (SNRD)** is es-
sentially the same quantity as MTFA when appropriate alterations are
made in the calculations to account for the differences between photo-
graphic imaging system variables and electrooptical line-scan .system
variables. In both cases, the general value of interest is the excess
of signal over noise as a function of spatial frequency. Viewed in
that context, the data reported here demonstrat that MTFA (or SNRD) is
an extremely useful and valid measure of the figure of merit of an

imaging system, At the same time, however, some cautions must be ncted.

%
Where the objects of interest range broadly in the target size
**Spectmm.
Discussed in Sections V-A-2 and V-G,
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TABLE II-4.

INTERCORRELATICNS OF ALL MEASURES BY SCENE

SCENE 1 SCENE 2 SCENE 3
R M v R M v R M v
Performance (P) 0.71 0.69 0.68] 0.67 0,66 0,67 0.89 0.80 0.83
Ranks (k) 0.90 0.92 0.87 0.87 0.90 0.91
MTFR (M) 0.92 0.93 0.88
Paired-Comparison
Values (V)
SCENE 4 SCENE 5 SCENE 6
R M \ R M v R M v
Performance (P) 0.60 0.65 0.64 0.80 0,78 0.76 0.42 0.55 0.70
Ranks (R) 0.93 0.92 0.94 0,92 0.87 0.83
MTFA (M) 0.92 0.93 0.92
Paired~Comparison ‘
Values (V)
SCENE 7 SCENE 8 SCENE 9
R M v R M \ R M v
Performance (P) 0.78 0.84 0.82 0.76 (.86 0.82 0.42 0.46 0,43
Ranks (R) 0.92 0,90 0.86 0.37 0.83 0.77
MTFA (M) 0.92 0.92 0.91
Faired~Comparison
Values (V)

ALL SCENES COMBINED

R M v
Performance (P) 0.97 0.93 0.93
Pinks (R) 0.96 0.97
MTFA (M) 0.97
Paired-Comparison
Yalues (V)

First, the specification of the detection threshold curve (or
Rosell's 50 percent probability-of-detection S/N level) implies that

optimum viewing conditions are obtained.

In the studies reported here,

the observer was ground based, supplied with an ample nonglare display

luminance, and was not time-restricted in his responses. Similarly,
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in the data used to develop the concept of SNR,, observers were not

severely hampered by operational constraints. DIn both cases, there-
fore, the detection threshold curves represent the best performance

" of which the well-trained observer is capable. If, for the sake of
argument, this threshold were to be uniformly elevated by adverse oper-
ational circumstances for all spatial frequencies of the display, no
changes in the relationships presented here would ocour--the relative
magnitudes of MTFA would remain unchanged. If, on the other hand,
operational requirements caused a nonuniform elevation of the detec-
tion threshold curve across all usable spatial frequencies, then in-
versions could occur in the MIFA values for systems having different

MIFs.

This is not a minor consideration when it is realized that the
eye's contrast threshold varies not only with spatial frequency but
alsc with display signal-to-noise, overall image luminance, adaptation
level (mean surround luminance), and such environmental parameters as
glare, vibration, glint, and time stress. As the MTFA concept is ap-
plied to electrooptical systems, it is particularly important to note
that the MIF is defined specifically in the absence of noise, so that
at low detector irradiance (and hence low S/N) levels, a display may
have a considerable amount of "snow" and thereby produce poor target
acquisition performance, even though the system MIF remains unchanged.
For this reasbn, it is vital that the display S/N level be included as
a determinant of the detection threshold curve used in MIFA calcula-
tion, and that other conditions under which the MIFA is “2fined (e.g.,
display luminance and operating enviromment) also be specified to
avoid ambiguity. Otherwise, the MTFA obviously cannot be used to
predict observer performance over a wide range of electrooptical éys-
tem operating conditions,

Secondly, it is likely that, upon further analysis, we must learn
how to weigh the excess signal over the noise at various spatial fre-
quencies, rather than integrate uniformly as in the current MIFA or
SNRD
of a spatial frequency similar to the spatial frequency of the target

concepts, for the following reason. It has been shown that noise
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of interest has the most deleterious effect upon threshold detection
performance (Ref., 13), Thus, because various missions might require
acquisition of targets of predominantly specific spatial frequencies,
and because various imaging system designs might produce noise power
at certain spatial frequency bands, one cannot simply conclude that
the excess of signal above noise can be assumed to be of equal im-
portance at all spatial frequencies. That is, there are undoubtedly
spatial frequency bands which are more important for some missions
than others, and appropriate weighting of these bands should be con-
sidered when evaluating a particular system (by MTFA or SNRD) for' that
mission, and that uniform integration across all spatial frequencies
from zero to limiting resolution might produce nonrepresentative re-
sults,

Finally, although the author is conv_aced that the MTFA approach
(or, equivalently, the SNRD to be discussed in Part V) presents the
most valid figure of merit for present and near-future imaging systems,
cautions must be not=d as to the representativeness of the data which
lead to this conclusion. The data of Borough et al. (Ref. 6) aud
Klingberg et al. (Ref. 12) were obtained for noﬁ-time-limited,*non-
stressed viewing conditions; the display of the imagery was nearly
optimal; and the imagery itself was continuous-image photographic
negative material, not line-scanned, cathode~ray-tube presentations
under dynamic conditions. Clearly, verification of these results is
indicated for conditions more representative of the operational mis-
sion in which the typical line-scan system is employed.*

*
EDITOR'S NOTE: After this material by Snyder was written, experi-

mental work by Rosell and Willson, the results of which are shown in
Fig., V-A-3 et seq., firmly established the value of SNRD as a figure
of merit.
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IMAGE REPRODUCTION BY A LINE RASTER PROCESS

by Otto H. Schade, Sr.

A. THE SAMPLING PROCESS OF A LINE RASTER

The intensity function I(p,0) of images formed by optical or
electron lens systems is continuous in any radial direction (p,8) of
the format area. The modulation transfer functions MTF(6,p) are gen-
erally isotropic for small radisl distances (p) but may become aniso-
tropic for larger radial distances because of point-image distortion

' by astigmatism or coma. Isotropy requires a point-image or samplir.y

"aperture" of circular symmetry.

The conversion of continuous intensity functions I(p,8) into one-
dimensional time functions I(t) and reconversion into continuous two-

dimensional intensity functions in a television system involves scanning

of the format area with an "aperture" along uniformly spaced parallel

lines termed a "line raster." The raster process yields a set of con-
tinuous intensity functions’I(x) along the 1inés, whereas intensity
functions I(y) are transmitted as discrete amplitudz samples taken at
intervals Ay determined by the raster line spacing. It follows at
once that continuity in the displayed image requires a display aperture
having a particular spread S(y) to fill the interline spaces of the
raster and establish continuity in y, whereas the aperture spread S(x)
could be very much smaller, making the resolution in the image aniso-
tropic. Similarly, the effective spread S(y) of the sampling aperture
in the camera must have a particular value to prevent loss of informa-
tion contained in the interline spaces of the raster, indicating a

- "flat field" requirement®* in the camera.

The "flat tield" requirement refers to a structure-free reproduction
of a continuous field of uniform intensity by a line raster process.

It specifies a uniform charge readout in the camera, leaving no inter-
line charges on the storage surface, and is satisfied when the sum of
the effective line image cross sections of the scanning aperture spaced
at raster line distances yields a constant intensity function I(y).
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An isotropic image requires apertures of circular symmetry. Con-
tinuity in y can be obtained by selecting a raster line density to
provide a large overlap of aperture positions in successive line
scans. A high raster line density, however, is wasteful in terms of
the electrical frequency channel and raises two questions: Is a flat,
i.e., uniform, field necessary? What is the optimum aperture size
and shape to achieve uniformity?

Most television displays have a visible line structure on the
screen, and increased viewing distances are required to effect inte-
gration by the eye into a flat or structureless fieid. An image con-
taining a visible line structure may appear to be sharper, but more
detail becomes visible when the line structure is removed. This can
be demonstrated convincingly by modulating a CRT with wide-banc¢ noise.
It will be observed that the noise is much more:visible when the in-
terfering line structure is removed by defocusing the CRT spot or by
increasing the viewing distance. The line structure is an interfering
signal which, like noise, prevents detection of small detail.

Various other effects occur when the effective sampling apertures
of the camera and display are too small relative to the raster line
spacing. Diagonal lines become staircases, spurious diamond-shaped
patterns appear in horizontal lire wedges, low-frequency beat patterns
occur in "vertical" resolution charts of parallel lines at higher fre-
quencies, and the reproduction of significant detail depends on posi-
tion relative to the raster lines.

Quantitative specifications can be derived by convolution of in-
tensity functions in the space and time domains. An analysis in the
frequency domain, however, is more convenient.

The discontinuous intensity function I(y) obtained by the ra:zter

process in the camera represents a pulse carrier wave with infinitesimal

pulse width of spatial frequency fr’ amplitude modulated by the spatial
frequencies fm contained in the image, which are limited by the MTPc
of the camera aperture 6c. The fundamental frequency fr of the spatial
carrier wave is equal to the number of raster lines per unit leng.n.
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The spatial intensity functions 1(y) are converted by the sequential
scanning preccess into time functions Iy(t) contained in the video
signal, which can be displayed with an electrical sampling circuit on
an oscilloscope., The time sigmals are converted back into spatial
modulated carrier waves in the display system by a synchronized scanning
process. The pulse carrier must now be demodulated by a low-pass
filter, the MIF of the display aperture ad, to restore a continuous
undistorted modulation envelcpe from the transmitted samples. The
solution for optimum low-pass MTF's is known from modulation theory
and states that the MIF of both input and output filters must be lim-
ited to frequencies fm s 0,5 fr to eliminate all raster carrier com:n-
nents and unwanted modulation products. The MIF's should be constant
for maximum utilization of the frequency channel. This optimum solu-
tion may not be realizable in a practical system. We therefcre ex-
amine the general expression for the intensity function I(y) resulting
from a carrier modulation by a frequency fm’ given by the following
equation:

y) =T (1 + 2:E:EE,kf cos(k+2nf_y) (C)

+ If r,

Poty cos(2rf y + 6) (f)

r m
(II-1)

+ Ig Fc'f: [Fd’(kfr+fm) cos(2m(kf | + £y + ) (8)

k
+ Ifmrc°:£: [%d’(kfr'fm) cos(2n(kf - £y + 8) (D)

-

where

xl
"

1, 2, 3, ...

Hy
"

modulation frequency, cycles/unit length

85

B b il

. il i

o o idate et




f_ = raster frequency, number of sampling points/unit
ler. ~th

y = distance along y-coordinate

T = mean intensity of test object wave form
I, = crest intensity of sine-wave test object
m
F; = sine-wave response factor of camera at f_

?é = sine-wave response factor of display system at fm

= sine-wave response factor of display at index fre-

Ty s
d,(index) quency

§ = phase displacement between If and raster lines
: m

The first term (C) contains the dc level (I) and .'n infinite
number of steady carrier frequency componerts k fr (k is an integer)
with amplitudes 2T Fh depending only on the MTFd of the display sys-
tem. The seccnd term (fm) is the normal MIF product (5; fh) of the
system as obtained without raster process at any modulation frequency.

The third and fourth terms (S) and (D) are modulation products
(sidebands) generated by sum and difference frequencies with the car-
rier components.

The entire frequency transfer characteristic for the y-coordinate
of the television process is shown by the graphic representation in
Fig. II-7. 'The MTPc under the input frequency scale of the raster
characteristic is the product of the MTF's of all two-dimensional
aperture processes preceding the raster process and including the

scanning beam in the camera.

The MTF of the video system is unity for the y-samples and need
not be shown. The transier functions of the raster itself are a net-
work of diagonal lines with constant transfer factors (f = 1) for the
frequency fm and the sum and difference frequencies (D,S). The car-
rier frequencies (Cl, C2, ...) are represented by horizontal lines be-
cause their existence depends only on the dc term and or the attenua-
tion by the output filter.
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The MTFd
frequency scale of the raster characteristic. It is the product of

of the display system is drawn parallel to the output

the MIF's of all two-dimensional aperture processes following the
raster process and includes, therefore, the MIF's of copying systems
and the eye. Unless eliminated by adequate magnification, the MIF of
the eye must obviously be considered in MTF specifications of display
systems designed for a specific viewing distance.

The use of the diagram is simple. A vertical projection of an
input frequency fm (see arrows) locates the output frequencies of the
raster process at the intersections with the various transfer lines.
Horizontal projections from these points onto the output MTF 4 indicate
the attenuation (2I Fa).of the carrier frequency componerts and the
response factors Sa for determining the relative amplitudes (5;53) of
the modulation prcducts. The example illustrates that the higher MT™3
reproduces the carrier C, with a modulation amplitude of 36 percent,
representing a 72 percent peak-to-peak variation in a uniform field
(I). The lower MTF 4
raster generates a low difference frequency fD = 0.2 fr of amplitude

r t
cd
amplitude because the input MTFc exceeds the value fm = 0.5 fr’ It

reproduces a substantially flat field, but the
= 0.27 from a modulation frequency f = 0.8 f of ‘32 percent

is seen at a glance that a complete elimination of all spurious modu-
lation frequencies restricts the MIF's to the spatial frequency bands
indicated by the broken line rectangle; i.e., to frequencies fm = 0.5
fr' In other words, a minimum of one sampie per half cycle is neces-
sary to transmit a continuous sine wave by a sampling process.

B. RASTER LINE FREQUENCIES AND MTF COMBINATIONS FOR LOW SPURIOUS
RESPONSE

The inverse transform of a rectangular frequency spectrum is a
(sin x)/x impulse function or line image which can be realized with
the coherent light of laser-beam image reproducers by using a rec-
tangular lens stop. Similar functions can be synthesized from the
Gaussian-type impulses by vertical aperture correction with tapped
delay lines for noninterlaced or interlaced scanning (Ref. 1). Such

88

ke

- Loeatel

b i st

2
3

e TR SR




corrections may not be feasible in many cases that are then restricted
to the MIF's of normal cameras and cisplay systems, which are approxi-
mated in the illustrations by Gaussian functions.

A substantially flat field is obtained when the MTFd at fr is 2.5
percent or less, The carrier amplitude for the upper limit is 2Ird =
0.05 T, producing a peak-to-peak ripple of 10 percent. The numerical
evaluation of cross products is illustrated by Fig. II-8. Curves 1
through 5 represent the MTF of various cameras. The MTF of the dis-
play system repeats for the sum and difference frequencies of the side

bands MTFD and MTFS, as shown in Fig. II-8. The spurious modulation

products F; Ebl and F;F;l are easily evaluated* and shown by curves 1
through 5 in Fig, II-9a for the five camera MIF's of Fig. TI-8, Note
that the zero frequency of the cross products occurs at the modulation
frequercy fm = fr and that the modulation frequencies generate higher
spurious frequencies for fm < 0.5 fr and lower frequencies for fm >
0.5 fr' The maximum values of the spuri us response are plotted in
Fig. II-9b as a function of the camera response (5;) at the theoretical
frequency limit fm = 0.5 fr' The straight line shows the overall MTF

(?ch) of the system,

A spurious response F;p of 10 percent may be considered an upper
limit for good system design. This value is a worst case and occurs
occasionally for 100 percent contrast in the scene. Spurious fre-
quencies occur in the range indicated by a curve intermediate for
curves 2 and 3 in Fig. ITI-9a and do not include low-frequency beats,
which are most visible, It follows that the raster frequency (number
of raster lines) should be

where fm(0.26) is the spatial frequency at which the camera has a sine-
q = 0.10
is then obtained with a flat field display system having a sine-wave
response Fa = 0,38 at the theoretical frequency limit fm = fr/2.

"~

~
wave response factor r, = 0.26. An overall system response F;r

*
The remaining products are very small or zero and can be neglected,
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There is, of course, an upper limit for the raster frequency fr be-
cause a frequency fm = fr/2 with negligible amplitude need not be
sampled as expressecd by

~

2fm(0.05) = fr z 2 fm(0.26)' (II-3)

The index numbers specify the camera response (5;) at fm‘ The upper
limit fr =2 fm(0.0S) provides a very low level of spurious signals
but requires a wide video passband.

C. SYSTEM DESIGN

The MTFc of the camera determines the constants of the television
system or vice versa. Equation II-3 states that the raster frequency

should be in the range fr =2f to 2 f0 05? where f and f

0.26 0.05 0.26
are the spatial frequencies at which the camera response is 26 percent
and 5 percent, respectively. A design for best utilization of the
electrical frequency channel would select the low:r raster frequency
(2f0.26) whereas a design for maximum resolving power requires the
upper limit., In terms of television line numbers (N) and the raster
line number (nr), Eq. IT-3 specifies the range n, = N0.26 to NO.OS'

A commercial 525 line system, for example, has an active raster line
nunber n, = 490 lines and the vertical camera response at this line
number (N) is generally less than 26 percent.

A flat field and low spurious response dictate a display system
designed for an MTFd of 2.5 percent or less at the raster frequency
(fr)' The MTF of a good ccmmercial CRT is in the order of 27 percent
at fr = 490 cycles and, at a luminance B = 40 ft-L, the MIF of the
eye (Ref. 2) is 5 percent for a relative viewing distance d/V = 4 and
about O percent for d/V = 6. The MTF 4 of the display system is thus
1.35 to O percent. The peak-to-peak ripple is 4 times higher and
still visible at the shorter viewing distance. The line structure is
very pronounced at close viewing distances and should be eliminated
by vertical "spot wobble." The spot-wobble frequency should be out-
side the frequency spectrum of the system; about 20 MHz for standard
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CRT's, 50 MHz for a 20-MHz video system and 140 MHz for 100-MHz sys-
tems and very high-resolution CRT's., Spot wobble is particularly
recomnended when the CRT image is magnified by overscanning the normal
format, A laser-beam image recorder designed for a substantially rec-
tangular frequency spectrum and a flat field increases the MTPd and
overall MTF cf the system. It does, however, increase also ths ampli-
tude of the spurious -esponse products. Figures II-7 and II-8 il-
lustrate by rectangular broken lines that portions of the sidebands

d° The
modulation products shown in ¥ig. II-9a are zero for f/fr > 0.5 and
have amplitudes equal to r, for f/fr < 0.5, which are the portions of
curves 1 to 5 in Fig. II-8 inside the rectangular first sideband.

(D) are reproduced with unity response by a rectangular MIF

This conditiun recommends the use of higher raster frequencies fr =

2 fm(O.lO) to reduce spurious low frequencies. The MIF!'s of the cam-
era and display system are products of a number of components. It
may thus occur that the MIF of the scanning aperture (beam) in the
camera is much higher than the product, for example, when a high-
resolution beam is used in combination with a light intensifier and

a high-aperture lens. Calculation of the raster frequency with Eq.
IT-~3 may indicate a relatively low raster frequency at which the
scanning beam leaves unscanned interline spaces. Although sufficient
integration of the image flux occurs in the stages preceding scanning,
the efficiency of signal conversion is reduced by interline charges
not contacted by the beam and can result in undesirable secondary ef-
fects recommending the use of a larger beam or a higher raster fre-
quency. A similar situation may occur in a display system containing
several "copying" stages which "diffuse" the image of the actual
scanning spot to provide a flat field. The current or light density
in the scanning spot may then become excessive, which can result in
saturation effects.

A "perfect" television system having equal rectangular MTF's in
x and y, producing a structureless field, is anisotropic because the
effective apertures sc and & have a square base, causing an increase
of the spatial frequency spectrum by ,/Z in the diagonal directions.
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The same anisotropy occurs in optical images formed with monochromatic
light by a lens having a square lens stop. A practical television sys-
tem in which the MTF is bandwidth limited in x by the video system is
similarly anisotrcpic, as is readily confirmed by observation., The
system becomes isotropic when the raster frequency has twice the value
at which the camera response is 5 percent, the MTF of the display sys-
tem is 2 percent or less at the raster frequency, and the video system
has unity response up to the resolution limit of the overall MTF pro-
duct because the MTF of the system is then limitec in all radial di-
rections by the isotropic respunse of its two-dimensional circular
apertures. This is the preferred system design for high resolving
power. It should be pointed out that the MIT of a charge storage
camera can become anisotropic because of "self-sharpening” of a low-
velocity beam in x or y, which depends on a low or excessively high
raster line density, respectively. The MIF in the y-direction is
readily measured with a horizontal pulse gating circuit, and isotropy
in the reproduced image can be tested visually by comparing the con-
trast of vertical and horizontal resolution bars in a standard Air
Force test object, which can be made equal by adjusting the MIF of

the video system by aperture correction circuits.
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PART III. SYMBOLS

area of aperture

luminance

magnitude of electric charge, coulombs
luminous flux

raster heigit

primary photoelectric current

electric current density at photocathode
modulation amplitude on display
modulation amplitude on photocathode
subjective magnification

magnification

numder of television lines per raster height
photoelectron flux density

spectral radiant power

relative spectral response

separation between display and observer

sine-wave response, frequency response, modulation transfer
function

effective integration time of eye

effective léngth-to-width ratio of half period of test
frequency ’

wavelength of radiation
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sine-wave spatial frzquency
spatial frequency on display
spatial frequency on photocathode

responsivity of photocathode, amperes per watt

solid angle
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ITI. LOW-LIGHT-LEVEL PERFORMANCE OF VISUAL SYSTEMS

by Alvin D. Schnitzler

A. LOW-LIGHT-LEVEL PERFORMANCE OF THE EYE

A full appreciation of the principles of operation of photoelec-
tronic imaging (PXI) systems depends on knowledge of certain features
of the wvisual process. For this purpose it is useful to examine and
compare the operation of visual systems such as the unaided eye and
binoculars on the ~ne hand with PEI systems on the other. However, in
any comparison of visual syvstems, in which the retina of the eye is
the primary radiation sensor, with physical devices, in which some
other radiation-sensitive layer is the primary sensor, one is con-
fronted with the relation between the subjective and objective effects
of radiation in the visible and adjacent regions of the spectrum.

This relation is particularly important in examining the operation of
7isual systems incorporating PEI systems, since their overall perform-
ance depends ¢n both the physicai properties of the input radiation
and the subjective properties of the output radiation.

The problem arises because the eye, as shown in Fig. ITI-1, is so
selective in its spectral response that radiant power expressed in
watts is an inadequate measure of the subjective effect of a flux of
radiant energy. Two alternative procedures are available:

1. a. Specify the spectral response of the eye,
b. Specify the spectral content oy the flux, and
c. Per’orm a numerical integration of their product over
all wavelengths within the passband of the eye.

2. Define an arbitrary unit of luminous flux, spectrally nor-
malized to the peak of human visual response, as an overall
me sure ~f the subjective effect of the flux of radiant energy
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FIGURE llI=1. Standard Visibility Curve of the Photopic Eye
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without explicit concern for its spectral content and the
spectral response of the eye.

The second procedure requires the establishment of a standard of lu-
minous flux as a reference to determine the value of unknown luminous
flux by comparison. In practice, it is easier to maintain a standard
of luminous intensity rather than a standard of luminous flux. The
standard of luminous intensity, the candela, is defined as one-sixtieth
of the luminous intensity per sJuare centimeter of a blackbody radi-
ator at the temperature of solidification of platinum (approximately
2042°K). The unit of luminous flux, the lumen, is the amount of lu-
minous flux emitted within a unit solid angle by an i:.tropic point
source of luminous intensity equal to one Eandela. For an extended
source of luminous flux, the luminance of an element of surface is de-~
fined as the luminous flux that leaves the surface per unit solid
angle and unit projected area of the element of surface. If the sur-
face is a perfectly diffuse radiating (or reflecting) surface, the
total luminous flux leaving the surface per unit area is equal to n
times the luminance. The amount of luminous flux incident per unit
area of a surface is the illumination of the surface. The unit of il-

lumination, lumen per unit area, depends on the unit of area chcsen.

Since the procedure of establishing a unit of luminous flux as
an overall measure of the subjective effect of a flux of radiant energy
is implicitly dependent on the spectral response of the Commission
Internationale de 1l'Eclairage (CIE) "standard observer," this procedure
does not apply to radiation sensors with other spectral responsivities.
For general application to all radiation sensors, the first procedure,
explicitly taking into account the spectral response of the radiation
sensor (e.g., the ewe), is superior, for then the radiant power can be
expressed in watts without loss of rigor. In the case of the eye, for
any spectral distribution of radiant power, one has

- -]
F = 680 / Y()\)P)\d)\ (III-1)
0
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where F (in lumens) may be viewed either as a luminous flux (i.e., the
visual content of the flux of radiant energy) or as a measure of the
amount of visual sensation evoked by the radiant power, y{1) is the
relative spectral response (better known as the "standard observer"

function) of the eye, and P, is the spectral radiant power in watt/nm.

A
The numerical factor 680 is the luminous equivalent of one watt of
radiant power at the peak of the visibility curve [y(a) = 1], which

for photopic vision occurs at 555 nm,

If a photoelectronic sensor is employed rather than visual sensa-
tion, the output is a directly measurable electric current. In this

case, one has

I-= o(xp).[ R(l)Pde (III-2)
0

wnhere I is the electric current in amperes, c(xp) is the absolute
radiant responsivity of the sensor at the peak wavelength in amperes/
watt, R(1) is the relative spectral response of the sensor, and Pl is
again the spectral radiant power.

The physical quantities corresponding to luminance and illuminance
are radience and irradiance. They are based on radiant power in watts.
The unit of radiance, depending on the choice of unit of area, is watt
per unit area per unit solid angle. Likewise, the unit of irradiance
is watt per unit area. A table of some of the corre:ponding subjec-
tive (photometric) and physical (radiometric) quantities is given on
the next page. For a more extensive treatment of photometric and
radiometric quantities, see, for example, Refs. 1 and 2, among other
sources.
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Photometric Radiometric
Quantity Unit Quantity Unit
Luminous flux lumen Radiant flux watt
Luminous candela® Radiant watt/steradian
intensity intensity
Luminance candela/ Radiance watt/meterz-
meter? steradian
Illuminance lumen/ Irradiance watt/meter2
meter?

In the text below, wherever it is appropriate to take explicit

note of the spectral response of the eye or wherever photoelectronic

sensors are under consideration, the quantities used will be radio-

metric,

At low light levels, to compensate for the loss of visual stimuli,

the eye automatically undergoes various adjustments. These adjust-

ments include:

Increasing photon collection by dilation of the pupil.

Integrating the signal over larger areas on the retina by ex-
tracting the signal from larger clusters of elemental sensors.

Increasing the sensitivity of the retina by means of dark
adaptation, which includes switching from less sensitive to
more sensitive sensors as well as lowering the sensitivity
thresholds of both.

Integrating the signal over a longer time.

The area of the pupil of the eye is controlled by the iris, a

ring-shaped involuntary muscle adjacent to the anterior surface of the

lens.

|

It has been shown (Ref. 3) that the pupil area increases by

* .
The candela is defined to yield one lumen per steradian. Thrus the
| unit solid angle is implicit in the definition.
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approximately a factor of 10 as the light level decreases from bright
sunlight at 103 cd/m2 to the darkness of an overcast night at 10'5

2
cd/m”,

The amount of light collected by a circular aperture such as the
entrance pupil of the eye is given by

F=2ABQ (II1-3)

where A is the area of the aperture, B is the luminance of a paraxial
object, and 1 is the solid angle subtended by the object at the aper-
ture. Since an increase in the area of the entrance pupil has no ef-
fect on the magnification of the eye, the area of the image on the
retina remains unchanged. Hence, by dilation of the pupil retinal
illumination increases, image brightness increases, and visual percep-
tion at low light levels is improved.

The ability of the eye to integrate the signal over increasing
areas of the retina with decreasing light level is shown (Rel. 4) in
Fig. IIT-2. The threshold luminance B required for perceptlon of an
object subtending an angle ¢ at the entrance pupil of the eye decreases
with increasing 02, which is proportional to the area of the image on
the retina. Data such as are shown in Fig. III-2 differ little, whether
a disk or a Landolt C-ring is projected on a screen, and for a given
a the luminance is increased until the viewer perceives the location
of either the disk or the gap in the C-ring. The two portions of the
curve in Fig. III-2 are due to the presence of two types of sensors:
(1) the rods, which respond at low light levels, and (2) the cones,
for daylight and color vision.

According to Eq. III-3, the luminous flux collected from an object
by the eye is proportional to the product of Bt and a2 (since Q « a2).
However, Fig. III-2 shows that at low light levels, where vision depends
on the rod sensors, the eye becomes quite ineffective at integrating
the signal from elements separated from the center of the object by
distances which subtend angles larger than 4 or 5 deg. Thus, as «
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approaches 4 or S deg, the threshold flux increases rapidly. This

limitation is shown in Section III-B to be of special significance

for the application of large-aperture binoculars or night glasses to
| increase visual perception at low light levels.
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FIGURE 111-2. Threshold Luminance as o Function of Angle Subtended at Eye Pupil
by Disk or Gap in Landolt C-Ring (Ref. 4)

The increase in sensitivity (reduction in visual threshold) that
occurs with increasing dark adaptation is illustrated in Fig. III-3
(Ref. 5), where the logarithm of threshol. luminance versus time of

dark adaptation is plotted. The experiments were conducted by pre-
adaptation with approximately 5000 cd/m2 of white light and then de-
termination of the threshold luminance required by the observer to
resolve the lines of a grating. In these experiments, vision is domi-
nated by the cone sensors during the first 7 or 8 min of dark adapta-
tion before the visual threshold of the rod sensors, decreasing more
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rapidly, becomes dominant. The effect of area on visual threshnld,
as discussed above, is also evident in Fig. III-3. It is interesting
to note that the rod sensors cannot resolve lines subtending an angle
of 4 min, while the cone sensors can resolve objects of less than 1

min,
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FIGURE H11-3. Threshold Luminance as a Function of Jime During Dark Adaptation
Following Preadaptation to 5000 cd/m* (Ref. 5)

The relatively slow progress of dark adaptation shown in Fig.
ITII-3 poses a severe problem for sensitive vision at night if an ob-
server is required to pass from a brightly illuminated artificial en-
vironment into a dimly illuminated natural environment or if dark
adaptation is destroyed by flashes or occasional sources of light in
an otherwise dark scene. For example, under the conditions applying

2 cd/m2, the observer

to Fig. IIT-3, if the object luminance were 10~
would have to wait nearly 11 min to become sufficiently darx-adapted

to perceive a gross unlined object, and approximately 22 min to resolve

108




a line grating in which a line subtends an angle of 8 min at the eye.
Image-intensifier and television systems can be of great value under
such conditions, since it is unnecessary to wait for dark adaptation
if the output image is presented at sufficient brightness.

The ability of the eye to integrate the signal over a longer time
at low light levels appears to be the least important of the response
parameter adjustments made to compensate for the decreased photon flux.
Rose (Ref. 6), for example, claims that the effective storage or inte-
gration time of the eye is close to 0.2 sec and that it varies little
from extremely low to high light levels. Schade (Ref., 7), on the other
hand, claims that the effective storage time decreases from approxi-
mately 0.2 sec at the threshold of vision towards a plateau of approx-
imately 0.05 sec at high illumination,

B, LOW-LIGHT-LEVEL PERFORMANCE OF 3INOCULARS

Limited aid to visual performance at low light levels can be pro-
vided by means of purely geometric optic devices such as binoculars,
Special care is taken in the design and construction of such devices
to ensure maximum transfer of radiation collected by the objective to
the retina of the eye. It is essential that the exit pupil of tne de-
vice is large enough to match the large entrance pupil of the dark-
adapted eye. In this case, binoculars will produce the subjective im-
pression of increased image brightness and permit the detection of
targets not visible to the unaided eye. This increase in visual per-
formance, the well-known night-glass effect, is shown below to result
from the increased size of the image on the retina provided by the
subje-~tive magnification of the binoculars. It does not result from
more irradiance in the image. Indeed, an increase in image radiancze

by purely geometric optics would violate the second law of thermo-
dynamics,

The other parameters upon which the detection of a target image
depends, such as wavelength, exposure time, contrast, and requirement
for dark adaptation, are little affected by night-vision binoculars.
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The aid to visual performance provided by night-vision binoculars de-
pends solely on the spatial integration capability of the dark-adapted
eye, which was described in Section III-A as relatively ineffective
for images viewed in the eyepiece subtending more than 4 to 5 deg at
the entrance pupil of the eye.

In any well-designed visual instrument, such as night-vision
binoculars, the eye is placed so that the entrance pupil of the eye
nearly coincides in position with the exit pupil of the instrument,
since placing the eye elisewhere merely introduces an additional stop
that may unnecessarily reduce the field of view. A diagram of the
complete visual system is shown in Fig. III-4, A detailed discussion
of the binocular is given in Ref. 8. A detailed discussion of the
limitation of rays by apertures will be found in Chapter V of Ref. 3.
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FIGURE Il1-4. Schematic Diagram of Binocular Visual System

110

ki A sniad i iand TRINRPNY

) e ket A i




The increase in visual perception at low light levels reialized
with binoculars may be attributed to the increase in image area on the
retina produced by the subjective magnification and depends on the
limited abilitv of the eye to integrate the signal over the increased
image area., High subjective magnification is required for target de-~
tection, but the field of view, which is of major importance in visual
search operations; is reduced in proportion to the increase in retinal
image area. Thus, binoculars increase che probability of detection if
the object is within the field of view but decrease the probability
that the visual field includes the object to be detected.

C. BASIC PARAMETERS AND THEORY OF PERFORMANCE OF PHOTOELECTRCNIC
IMACING SYSTEMS

1, Optical Parameters and Principle of Operation

The incorporation of PEI devices in visual systems permits the
manipulation of design parameters with far greater flexibility than
allowed with binoculars. Image-intensifier night-vision systems in-
corporate an objective for collecting and focusing the radiant flux
emanating from the scene onto the fiber-optic faceplate of an image-
intensifier tube; an image-intensifier tube usually containing three
stages of intensification, and an eyepiece presenting an enlarged
virtual image of the intensifier display. Low-light-level television
systems incorporate the following: an objective, one or more inten-
sifier modules, a camera tube, fiber-optic couplers, a video signal
amplifier, and a monitor containing a kinescope for displaying a real
image for viewing. The incorporation of PEI devices in visual systems
has the effect of decoupling the input and output radiant fluxes, re-
moving some of the optical constraints encountered in binu.u.ar sys-
tems, such as those on:

e The utilization of radiant flux outside the visible spectrum
and generally the use of more efficient image sensors than
the eye.
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® Independent adjustments of subjective magnificat. n and flux
collection pnwer.

® The use of Jintegration times longer than that of the eye.

® The time required for dark adaptation (dark adaptation is not
required).

® The independent chrice of optimum image brightness for nigh
visual acuity and freedom from eyestrain,

In aadition, PEI systems may provide greater flexit' lity of viewing
through thz use of remote-view television techniques. In practice,

limitations on the performance of PEI systems arise because of imper-
fect technology and practical restrictions on size, weight, and cost.

a. Image-Intensifier Systems. In visual systems incorporating

image intensifiers, the three parameters, (1) subjective magnifica-
tion, {2) collection power, and (3) field of view, can be adjusted
independently. in contrast to binocular visual systems. In addition,
the threshold sensitivity, quantu.: efficiency, and integration time
of the system are subject to optimiration to increase visual perc: --

tion at low values of scene radiance.®

In image-intensifier systems, if sufficient gain is pro-
videu; *the appearance of a scintillation on the display will educe a
visual sensation in the retina. Hence, the quantum efficiency of a
visual system incorporating &n image intensifier is characteristic of

the quantum effic’=ncy of the image-sensing surfuace of the intensifier.

If the duration of a scintillation produced on the display
of an image intensifier is considerably longer than the integration
time of the eye, the ~ffective integration tiue of the complete visuul
system is characteristic of the integration time of the intensifier,

Generally, however, image intensifiers are designed with integration

Each of the parameters is considerec in turn, beginning with sub-
jective magnification, in Ref. 8.
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times comparable to that ot the éye to avoid loss of visual percep-
tion for moving targets.

b. Television Systems. Television systems for low-light-level

applications offer some additional degrees of design flexibility not
available to direct-view image-incensifier systems. Besides the pos-
sibility of separating the position of the image sensor from the image
display, it is possible to perform contrast enhancement and other
forms of image processing by means of associated optical and computer
systems with the long-range possibility of a completely automatic
photoelectronic imaging and decision-making system.

These additional degrees of design flexibility in remote-
view television systems result from the incorporation of an additional
conversion process not found in direct-view image intensifiers--the
conversion of the two-dimensional electron image generated at the pri-
mary photocathode into a video signal current by means of sequential
readout of the image elements of the electron image on the camera-tube
charge storage target. The conversion of the electron image into a
video signal and subsequent amplification may introduce a limit on
sensitivity not associated with the parameters of the eye. The mini-
mum detectable signal current will be determined by the video pream-
plifier noise unless sufficient electron multiplication of the primary
photoelectron is provided. In practice, it has been found that an
electron multiplicdwv .n of about 104 is required. Electron multiplication
may be achieved with image-intensifier modules and/or internal electron
multiplication by means of electron bombardment of the storage target.

If sufficient electron multiplication ahead of the storage
and readout system is provided, the video current will consist of a
coarse-grained signal current of large pulses reflecting the Poisson
distribution and its noise in the signal current--large pulses com-
pared to th wusual fine-grained noise current of the preamplifier,
The luminous image formed on the display bv conversion of the video
current will consist of bright scintillations forming the image and
a dim background randomly generated by the video noise current. Uncer
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these conditions, the quantum erficiency of the totral visual system
comprising the remote-view television system and the operator will be
characteristic of the primary photocathode. Threshold sensitivity and
integration time, as in direct-view image-intensifier systems, will be
at the disposal of the designer subject to whatever restrictions are
imposed by operational requireme. 3, size, weight, and cest.

The same flexibility in design of subjective magnification
and radient flux collection power exists in remote-view television
systems as in direct-view image-intensifier systems. Howevear, the
subjective magnification is not so rigidly specified. The difference
lies in the fact that the magnification between the display and thne
retina depends on the distarice, which may not be rigidly contrclled,

The field of view of a television system is determined by
the size of the primary photocathcde and the focal length of the ob-

jective,

2. S8pectral Respcnse of Photocathodes

The effectiveness of a photocathode employed in a low-light-level
photoelectronic imaging (PEI) system largely depends on the match Ete-
tween the spectral content of the input image irradiance and the
spectral responsivity of the photocathode. The principsal sources of
passive nighttime radiant power in the order of decreasing magnitudes
are the full mcon, the hydroxyl emissions of the upper reaches of the

o o 0 8 e 5 PO e b3S 14 . gt

atmosphere known as airglow, and the sters. The spectral content of
moonlight, of course, is somewhat similar to that of sunlight. The
airglow, whose integrated sgectral radiant power (in the range from
0.6 to 1.8 microns) is only a factor of 10 less than full moonlight,
exhibits roughly an exponentially increasing spectral radiant power
dependence on wavelength, In addition, since both the contrast cf

many military targets against vegetaticn increases and the loss of

contrast in transmission via atmospheric scattering decreases with

increasing wavelength from the visible into the near infrared, it is
valuable in low-light-level PEI systems to employ photocathodes with !

high rnear-infrared response.
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The spectral responses of several typical photocathodes used as
image sensors in PEI systems are shown in Fig. III-S5. The S-1 sur-
faces are sensitive well into the near infrared and have been used in
conjunction with auxiliary near-infrared scene irradiators designed
tc achieve operational covertness. OCne application during World War
IT was the sniperscope. Altho.gh the $-10 surface has been used ex-
tensively in commercial broadcast applications, where the similarity
between its spectral response and that of the eye (shown in Fig., III-1)
is prized, it is cf no interest in the design of low-light-level PEI
systems. The S-20 and its derivatives, the 8$-25 and S-20VR,* with
their high responsivity in both the visible and near-infrared portions
of the spectrum, are the standard photocathodes employed in low-light-
level PEI systems,

The value of the mean responsivity Orp of an S-10 surface measured

with a 2854°% larp is typically 0.8 ma/watt,

One of the first steps forward in low-light-level imaging was the
development of the S-20 surface with a op of typically 3 ma/watt.
This surface was gradually improved by extending its red response so
that by the mid-1260's values of ¢,. equal to 4 ma/watt became quite
commonplace, with occasional value; as high as 5 to 6 ma/watt. As the
S-20 was improved, it became known as the S-20XR (XR fecr extended red)
and was finally type-classified as the S$-25. More recently even
further improvements have resulted in a surface which is tentatively
described as the S-20VR (VR for very red), whose mean responsivity is
reported to vary from 5 to 9 ma/watt. The responsivity of the S-20VR
in the near infrared is especially notable. Both the S-25 and the
S-20VR will be used in calculations, although the S-20VR is not now
as commonly available.

If the thermionic emission or dark current of a photocathode is
comparable to or higher than the photoelectric current, contrast in

% .

S-20VR is not & Joint Electron Device Engineering Council (JEDEC)
term but is applied to the recent better S-20 cathodes by Varo,
Inc., and others,
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FiGURE I11-5. Spectral Responsivity Versus Wavelength for Several Photoemissive
Photocathodes
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the output image of a scene is reduced. The thermionic emission or

dark current of the S-1 is quite high, being 1071 o 10'12 amp/cm2 at

room temperature. In many cases it is necessary to cool this surface

to avoid excessive contrast loss. The dark current of the 5-10 is
conisiderably better at 10713 to 10714
than desired for low-light-level applications. For the S-20 and §-25

15 5 10716 émp/cm2) and is

amp/cm2 but is still higher

surface, dark current is extremely low (10
not ordinarily a problem. The dark current of the S-20VR is siwnilarly
low.

3. Luminous Conversion Factor

In the operation of a low-light-level PEI system, the photoelec-
tric current density generated at the primary photocathode is first
amplified and then focused onto an output phosphor where a radiant
image is generated. For a given set of electrode potentials the spec=-
tral radiant conversion factor of an image intensifier or kinescope is
constant over a range o2f incident current densities jD from near zero
to near a saturation value. The saturation current density of zinc
sulphide phosphors such as the P-20 is approximately 0.1 ma/cm2, in-
‘'ependent of the incident electron energy.

The relative spectral radiant conversion factor as a function of
A is shown in Fig. III-6 for the typical modified P-20 phosphor used
in most modern image-intensifier tubes. Comparison of the spectral
radiant conversion factor of the modified P-20 with the relative spectral
response curve of the ey shown in Fig. III-1 and the photocathode
spectral responsivity curves shown in Fig. III-5 reveals that efficient
optical coupling exists between this phosphor and both the human eye
and the photocathodes $-20 and S-25.

4, Temporal Response

If ‘an image system has a temporal response longer than that of
the eye, the effect is to smear together image detail when an input
image moves across the photocathode. In an intensifier some lag due .
to phosphor decay can be expected. One such measurement of temporal
response performed with a modulated light source is snown in Fig. ITI-7.
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The temporal response at the normal TV frame rate (39 frames/sec) is
seen to be quite high for a single-stage intensifier but is appreciably
lower for three-stage intensifiers. Methods of measuring and specify-
ing temporal responses are not well known, but such measurements and
specifications can be quite important, as will be discussed in connec-
tion with TV camera tubes.
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FIGURE Ill-7. Temporal Response of Image Intensificrs

Although intensifiers do exhibit lag effects of their own, their
addition to a system can reduce overall system lag. Most camera tubes,
in particular, have lag characteristics that depend on light level.
That is, lag increases as light level decreases. By increasing light
level on the camera tube, the increase in lag due to an added inten-
sifier is usually more than offset by the decrease in camera lag.
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5. Spatial Frequency Response

In the process of detecting the input image, converting it into
electrons, focusing it onto the phosphor, and recreating a visible
image, contrast is lost at rach step for the reason that aberrations
cause an overlapping of the radiance pattern on the display produced
by the input image irradiance. In the limit of small-image element
sizes, as contrast falls below a few percent, detection probability

approaches zero.

Rather than reproduction of contrast on the display as a function
of image element size, it is customary to consider the reproduction of
the modulation amplitude of a sinusoidal, spatially modulated, radiant
test pattern as a function of spatial frequency. The relation between
contrast and modulation amplitude is described below. The modulation
transfer function (MTF) or sine-wave response of a PEI system is de-
fined as the ratio of the modulation amplitude of the display image to
the modulation amplitude of the input image on the photocathode as a
function of spatial frequency--normalized to unity as the frequenrcy
approaches zero. The sine-wave response can be measured by projecting
a sine-wave pattern with 100 percent modulation onto the photocathode.
First, a sine-wave pattern of low spatial frequency is employed and
the peak-to-peak output amplitude is neted. With this amplitude as a
reference, the pattern spatial frequency is increased in discrete
steps. At each step, the new peak-to-peak amplitude is measured and
the ratio of this amplitude to that measured at the low spatial fre-
quency is formed. The plot of these amplitude ratios as functions of
pattern spatial frequency constitutes the sine-wave response.

The sine-wave spatial rrequency is described quantitatively in
terms of v, the number of cycles (or line pairs) per millimeter or,
alternatively, the number of half cycles (or lines) in some dimension
such as the photocathode diameter or height of the display. The sine-
wave responses of a typical single-intensifier module and of two- and
three-intensifier modules, respectively, in cascade with unity magnifi-
cation are shown in Fig., ITITI-7. In general, the overall sine-wave re-

sponse of several components in cascade is given by
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T(vigs vpp) = Tl(vls/ml)T2(“ls/mlm2)"'Tn(”is/mlmz"'mn) (III-4)

where T(vls, vnD) is the overall sine-wave response on the output
phosphor at frequency VoD to an input sine-wave pattern at frequency
Vig3 Tl(vls/ml) is the sine-wave response of the first component,
ete.; my is the image magnification in the first component, and so on.
Equation TII-4 results from observing that:

¢ The spatial frequency on iie display is related to the spatial
frequency on the senscr by vp = vs/m.

¢ The modulation amplitude M at the input to the second compo-
nent is equal to the modulation amplitude at the output of
the first component.

¢ The modulation amplitude at the output of each component is
related to the modulation input by MD = T(v/m)MS.

It is apparent, on referring to Fig. ITII-8, that care must be exer-
cised in cascading components that the expected increase in perform-
ance due to increased intensifier gain at the desired frequency is not
cancelled by the reduced sine-wave response of cadcadea stages at that
spatial frequency.

The case of a zoom intensifier merits special attention, If the
zoom-intensifier sine-wave response were unity at all spatial fre-
quencies, resolution would be unlimited in both wide-angle and narrow-
angle modes., Since the wide-angle mode also covers more viewfield,
there would be little point to zoom with consequent reduction of view-
field. As a practical matter, the sine-wave response of the intensi-
fier is limited by aberrations in the electron optics and the phosphor
particle sizes., The sine-wave response of a zoom intensifier in both
wide- and narrow-angle modes is shown in Fig., III-9. As the viewfield
is decreased, going from the wide- to the narrow-angle modes, image
magnification increases from M to My in the same ratio. Consequently,
the spatial frequency scale of the sine-wave response curve is com=-
pressed by the factor mN/mw or, alternatively, on the same frequency
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scaie the abscissa of points on the curve may be multiplied by mN/mw,
shifting the entire curve as indicated in Fig. III-9. Specifically,
for an 80/25-mm zoom tube, the magnification increases from approxi-
mately 1/3 to unity as the viewfield is decreased, and the abscisza
of points on the wide-angle curve at a given response is shifted in
the narrow field mode by approximately three times the frequency.
Thus, some of the higher sine-wave response at a given target spatial
frequency in the narrow-angle mode is sacrificed in the wide-angle
mode for the sake of wider viewfield. On the other hand, greater
brightness gain is realized and, if sufficient brightness gain is not

otherwise provided, may provide some improvement in performance.

For evaluation of the overall performance of a complete visual
system comprising both the human cperator and the PEI system, it is
2lso necessary to consider the spatial frequency response of the eye
and the relation between frequency on the display and on the retina.
Since it is not feasible to monitor the spatial dependence of the
electrical signals generated in the eye as a function of spatial var=-
iations in the irradiance of the retina, it is not possible to make a
direct measurement of the spatial frequency response., Rather, spatial
frequency response can only be indirectly inferred from measurements
of the modulation amplitude of a sine-wave test pattern required by
the eye for some specified detection probability and the signali-to-
noise ra:io theory of detection probability. The dependence of de-
tection probability on the signal-to-noise ratio at the decision cen-
ters of the brain, because it involves such parameters as the quantum
efficiency and the temporal and spatial bandwidths of *he eye, is in-
complete, However, the required modulation function alone is suffi-
cient to make predictions of the overall performance of a PEI system
and its operator.

The frequency scale of the required modulation function depends
on the distance from the eye to the display of a television monitor
or the subjective magnification (M) of an eyepiece. For example, if
the viewing distance were 30 inches, I would be 1/3,
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The vequired modulation as a function of frequency in cycles per
incn calculated from retinal modulation sensitivity curves published
by A, van Meeteren (Ref, 9) is shown in Fig. III-10 for a subjective
magnificatiorn of unity and three lumina e levels; These curves were
determined under conditions such that for a given display luminance
the signal-to-n-nise ratio is maximum, and henqé the curves represent
the minimum required modulation functions. The curve at 0.52 cd/m2 or
0.15 ft-L corresponds approximately .to the usual luminance working
level of an image intensifier display. Figure ITI-10 reveals that re-
duction of display luminance below 0,52 cd/m2 has a dramatic effect on
the required modulation function, while increases in display luminance
have a much smaller relative effect.

1.0 T T T | T T T

(MAGNIFYING POWER = 1)

MINIMUM REQUIRED MODULATION

0 25 50 75 100 125 150 175 20
. cycley/in.
L 1 1 . | L L 1 J
0 1 2 3 4 5 é 7 8
cycles/mm

DISPLAY SPATIAL FREQUENCY
$74-28-70-1

FIGURE 111-10. Minimum Required Modulation ‘or Detection of Sine-Wave Pattern
by Eye (Ref. 9}
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The relation between the minimm requirec modulstion functions
and the output moduiation of a typical low-light-level television sys-
tem is shown in Fig. III-lla and I at two display luminances, as in-
dinrated. In Fig. III-1la and b, for 30 percent input modulation, the
output modulation of a single-staige noisz-free but otherwise typical
low-light-level televisicn tube as a function of spatial frequency is
shown in conjunction with the required modulation at viewing distances
equal to six and three times the raster height. The Irequencies at
the intersections of the required medulation and output modulation
curves are the resolution values of the eye-display combination under
the assumed conditicas. In Fig. III~11b, increasing the viewing dis-
tance from three to six times the raster height reduces the resolution
from roughly 500 tc 350 television lines per raster height.

In image-intensifier systems the subjective magnification of the
eyepiece is typically seven times, which is equivalent to a viewing
distance of only 1.4 in. Therefore, both the required modulation of
the eye and the resolution are determined by the output luminance fluc-
tuations, However, an exception may arise in single-stage demagnifying
image intensifiers, where both M and the display luminance may beccme
low compared to their cocresponding values in a conventiocnal multistage
image intensifier.

It is important in the design of both remcte-view television and
direct-view image-intensifier systems to present the output image to
the eye at sufficient luminance and angular size that the required
modulation is little affected by the optical properties of the eye and
the neurological organization of the retina but rather by the funda-
mental effects of output luminous fluctuations on the decision process.

It has been determined empirically (Part II) that excellent cor-
relatior exists between the subjective quality of aerial photographs
and the modulation fransfer function area (MTFA) bounded by the ordi=-
nate axis, che image modulation function of the photograph, and tiie
required modulation function of the eye. The rationale for the choice
(Ref, 10) of the MIFA as an overall measure of picture quality and
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ghgerver parformarce (s pased on the shservation That casy Jfeteciion

of a particular spatial frequency requires that the mcdul tion should
be as high as possibie (conspizuous) above that required by the eve,
for, say, 50 percent detection probability with uniimited viewing time,
In aerial photograpns, all spatial freTiencies are generally of in-
terest, Hence, the MTFA was proposed as an overall measure of observer
nerformance and picture quelity. In the visual observation of photo-
graphs, the modulation required by the eye at low spatial frequencies
depends on the properties of the visual system. At higher spatial
frequencies, fluctuations in grain size set the requirement and cause

the required modulation to rise.

In ~ case of low 'put image irradiaence to PEI systems, a rise
in required modulation with increasing frequency is observed that is
due to fluctuations in the output luminance produced by scintaillations
on the display. While the required modulation function depends on the
optics and neurological organization of the eye at high-input irradi-
1 ance, at low=-input irradiance the required modulation function is
largely determined by the effects of luminance fluctuations at the
display on the decision process. A different required moculation
curve occurs at low-input irradiance for each photocathode at each
input irradiance. The effect of fluctuations on the required modula-
tion function of the eye is discussed further below.

6. Theory of Performance of Photoelectronic Imaging

The probability of correctly identifying a known signal in the
presence of noise is a function of the signal-to-noise ratio. It has
been demonstrated by Rose (Ref, 6), Schade (Ref. 11), Coltman (Ref.
12), and Coltman and Anderson (Ref. 13) that the probability of de-
tecting simple targets, such as disks on a uniform background, bar
patterns, and sine-wave patterns, depends on the signal-to-noi:c: ratio
of the image formed on the display., They concluded that in an image
formed by scintillations (under low brightness conditions, when fluc-
tuations in intensifier gain and internal sources of noise can be
neglected), the signal is proportional to the average difference in
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the number of scintillations generated st adjscent image elements per
sampling time (the effective integration time of the eye), and the
ncise is proporticnal to the root-mean-square value of the fluctua-
tions in the difference.

The prisary source of noise at the input of a PEI system arises
from shot rninise inherent in the photoelectric current generated at the
photocathode by random absorption of the incident photorn flux. It is
observed that the numbers arriving on a small area of the sensor in
equal intervals of time obey the Poisson distribution function. The
root-mean-square value of the fluctnations about the average number
is equal to the average number., Such temporal fluctuations constitute
noise tha. inhibits image perception and reduces detection probability
per glimpse; '

For a given input-image element size and sampling time, the
signal~to-noise ratio of the output image is determined by four prop-
erties of the PEI system:

1. The size of the entrance pupil of the objective,
2. The quantum efficiency of the photocathode.

3. The internal generation of noise, such as shot noise in
thermionic current (fluctuations in electron multiplication
processes and Johnson noise in the input resistor of the
video amplifier),

4., The degree to which the input image can be repreoduced on the
display without overlasp of the luminance of adjacent image
elements, i,e., the modulation transfer function.

- In image-intensifier tubes. thermionic current and fluctuations
in electron multiplication are generally negligible compared to the
shot noise of the photocathode current. In low-light-level televisioi.
systems, if high intensifier gain is provided, the video amplifier
output current consists of a coarse-~grained current of large pulses
and a fine-grained noise current. The large’ pulses recuit from charge
pulses evoked by emission of an electron from the photocathode and by
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electron multiplication increased to several thousand electrons befoi»
the videc amplifier. The fine-grained noise current in tubes without
electron multipliers largely results from random thermal generation

in the first stage of the videc preamplifier. Intensification of a
primary photoelectron by a factor of approximately 104 at ste ard
scan rates is sufficient to overcome the effect of video noise in the

output image.

As ar. exemple, if the storage target corprises 5 x 10S storage
elements and the frame time is 1/30 sec, the readout time of one

8‘sec. For a readout time of 6.7 x 1078

storage element is 6,7 x 10
sec and primary electron intensification of 104, the average pulse
current due to a single photoelectrcn will be roughly 24 na, providing
an average pulse-current signal-to-video amplifier noise ratic of 10
at the input to a good video preamplifier, Primary electron intensi-
fication of 104 can be easily obtained with a combination of a one-
stage image intensifier and SEBIR tube, can be just barely obtained
with a one-stage image intensifier and SEC vidicon combination, and
cannot Le realized with a double image intensifier and plumbicon or
vidicon combination. The required factor of 104 requires three cas-
caded intensifiers for an intensifier vidicon camera. However, more
intensification, at a sacrifice in frequency response, is obtained by

cascading more intensifier stages.

The steps foilowed in the analysis of photcelectronic imaging
systems consist in calculating the signal and the noise, forming the
signal~to-noise ratio, setting it equal to uaity, and solving for the
modulation, i.e., the noise-equivalent modulation (NEM). The modula-~
tinn required by the eye: is then determined by mul*iplying the NEM by
the signal--to-noise factor k required by the observer to make correct

decisions of a giver. probability.

The chief result of the analysis of image intensifiers is given

by the following equation* for the required modulation M:

*
The derivation of Eq. III-5 is given in Section IV-F of Ref, 8.
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M, = 3.8m /(261 t) (ITI-5)
where 3,8 is the S/N factor k (Ref. 14), ¢ is the length-to-width ratio
of a half period of a sine-wave test pattern, Vos is the spatial fre-
quency of the test pattern at the photocathode in cycles/mm, Hs is the
photoelectron emission of the primary photocathode in electrons/mmz-
‘sec, and t is 0,2 sec--the effective integration time of the eye and
phosphor. Higher values ot Mt would be required if higher detection
prcbability, shorter detection time, or detection under field condi-

tions rather than laboratory zonditions were required.

For low-light-level television systems, it is convenient to ex-
press the modulation required by the eye in the form

M= 3.8nN/[Ge(i$/e)tj% (III-6)

where N is the number of television lines per raster height, ¢ is the
length=-to-width ratio of a half period of the test pattern, t is 0.2
sec, the integration time of the eye, e is the magnitude of the elec-
tron charge in coulombs, iS =e 35(4/3)H2 is the total primary photo-
cathode current, and H is the height of a raster on the photocathode,
Equation III-6 applies to low=light-level television systems with suf-
ficient intensifier gain that the output signal-to-noise ratio is
negligibly affected by the video preamplifier noise.

The overall performance of a low=-light-level PEI-human eye system
at a given scene radiance is essentially specified by the frequency
response (modulation transfer) function and the required modulation
function of the eye., For example, cutput modulation functions for
several values of input modulation, calculated curves of required mod-
ulation for several values of primary photocathode current, and mini-
mum required modulation functions at display luminances of 0.52 cd/m2
and 7.72 cd/m2 are shown in Fig. III-12 for a typical triple image in-
tensifier and in Fig. III-13 for a typical low-light-level television
system,
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Modulaticn Values Ms of 1.0, 0.7, C.3, and 0.1 and (b) Theoretical
Modulation M_ Required by the Eye for Values of Photocathode Current

= -6 -16 , -15 -15 . -14 -14
Density J, of 1070, 4x107'%, 107, 4x 107>, 10714, 4x 1074,
and 10713 amp/mmz. Experimental Limiting Required Modulation

Curves, Labeled 0.52 cd/m2 and 7.72 cd/m2, are for an M = 7 Ocular.
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FIGURE I11-13. (a) Output Modulation of Typical Low=Light-Level Television for Input

Modulation Values Ms of 1.0, G.7, 0.3, and 0.1 and (b) Theoreticai

Modulation Required by the Eye for Primary Photocathode Current i of
-13 ,-12 | -11 ;

10°°°, 1074, 10

Modulation Curves, Labeled G.52 cd/m2 and 7.72 cd/mz, are for a
Viewing Distance Equal to Three Times the Raster Height.

, and IO-IO amp. Experimeniul Limiting Required
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These figures depict the following informaticn:

¢ The ratio of the output modulation tc the required modulation
at a given spatial frequency, equal to 1/3.8 times the output

signal-to-noise ratic.

) ® At the intersecticn of a given output modulation and required
moduiation curve, the value of the outpul signal-to-hoise
ratio is just 3.8, the minimum required for 50 percent detec-
tidh probability. Hence, the corresponding value of spatial
frequency at the point of intersection is the resolution fre-
quency of the PEI-human eye system for test patterns of a
given modulation and radiance.

It is interesting to note, first, that the value of required mod-
ulation* a. the resolution frequency is not 1.5 percent, as commonlv
supposed, but depends on the primary photocathode current density de-
termined by the "apparent" radiance of the test pattern, the f-number

of the objective, and the mean respornsivity of the photocathode. Sec-
ond, it is interesting to note that the limiting resolution frequency

at low input irradiance is not proportional to the square root of the

nrimary photocathode current density but ratler is relatively insensi-
tive to it,

The conmon assumpticn that ~esolution frequency is proportional
to the square root of the mean responsivity owes its origin to the
earliest papers (Refs. &, 12) on the signal-to-noise theory of reso-
lution, in which the authors did not include consideration of the
frequency-response function. This, in effect, amounts to assuming an
ideal flat frequency-response function. For example, in Fig, III-1i2
this assumption would result in the output modulation curves becoming
horizontal lines. The intersections of the required modvlation curves
with these horizontal lines of output modulation would then vield the

%
At low modulation, the contrast is about twice the modulation value.
For the relation between modulation amplitude and contrast, see Eq.
52, Ref, 8.
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proportionality of resolution frequency on the square root of mean
responsivity. However, due to the rapid roll-off of frequency response
with increasing frequency, the resolution frequency is quite insensi-
tive to responsivity.

The relative importance of responsivity and frequency response
to performance is discuszw¢ furthevr i» Part IV, where specific image
intensifier tube strucvures are described.
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IV. TIMAGE-INTENSIFIER TUBE STRUCTIRES

by Alvin D. Schnitzler

A. BASIC SINGLE-51'AGE STRUCTURE

Night-vision systems incorporate a variety of image-intensifier
devices, often in combinations, designed to meet various operational
conditions and military requirements. The physical electronic func-
tions performed in image intensifiers include:

® Conversion of the radiant image formed on the image-seiisor
surface into an electron image,

® TIntensification of the electron image, and

® Conversion of the intensified «lectron image formed on the
display surface into a visual i.age

By far the most sensitive image=-intensifier devices--and the only ones
found to be useful at low radiation levels--rely on photoelectron
emission in vacua for radiant-to-electron image conversion, though
photoemission is not as efficient a conversion process as the internal
photoelectric effect in photoconductors. Photoemissive devices are
superior because in the internal electron-multipliéétion process, the
mean free path of hot electrrms is so short that the high electric
field required to achieve multiplication results in background current
exceeding the photoelectric current at low radiation levels by many
orders of magnitude. Another essential advantage of vacuum photcemis-
sion is that the process is extremely fast and free of the capacitive
lag problem inherent in photovoltage-dependent image sensors such as
the vidicon and the velocity selector tube. )

In addition tov brightness gain, image intensifiers can be used to
provide viewfield zoom by simple electronic means. They are also

simply coupled to television pickup tubes.to increase their sensitivity.
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The simplest and earliest developed (publications on them appeared
in the 1930's) image intensifiers (Ref. 1) ccnsist of a photocathode,
an electron lens, and a phosphor screen., The power that provides the
possibility for image intensification comes from that absorbed by the
electrons falling through the potential difference between cathode
and phosphor. If the potential difference is several thousand volts,
the high-energy electrons impinging on the phosphor screen will pro-
duce many electron-hole pairs, which subsequently recombine to yield
many output light quanta. Focusing of the electroﬂ image, generated
by the radiant image incident on the photocathode, onto the phosphor
screen by either (1) proximity focusing, (2) electrostatic focusing,
or (3) magnetic focusing gives rise to three types of basic image-
intensifier tubes.

Proximity focusing depends on accelerating the photcemitted elec- -
trons in their parabolic paths so that the transit time from cathode
to phosphor is so short that the transverse distance traveled by the
electrons is negligible. Disadvantages of this method of electron
focusing are:

¢ The high electric fields required tend :v cause cold~electron
emission, which exhibits shot noise and reduces contrast in
the image produced at the screen,

® The close spacing required makes the preparation of the photo-
cathode difficult.

Electrostatic focusing of electrons results from superposition of
a radially symmetric field and the longitudinal electric field in the
space between cathode and screen. Such an electrostatic lens is cap-
able of forming a first-order image and is analogous to a glass lens
with variable index of refraction (the square root of the electric
potential at each point corresponding to the index of refraction).
Unfortunately, electrostatic lenses are subject to severe aberraticns,
including curvature of the image field, astigmatism, and radial dis-
tortion. It has not been found practical to design electrostatic
lenses to provide a good extended image when a flat cathode is employed.
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However, by proper curvature of the cathode, both curvature of image
field and radial distortion can be reduced so that the resolution over
an extended image several centimeters in diameter exceeds the phosphor
capaibilities,

Magnetic focusing of electrons emitted by the photocathode re-
sults from superposition of a strong, uniform axial magnetic field and
the electric field in the space between cathode and screen., Emitted
electrons traverse helical paths under the influeiice of the uniform
parailel electric and magnetic fields, and, independent of their ini-
tial lateral velocities, all electrons emitted from a point come to-
gether to form imaye points periodically after each complete cycle.
The phosphor screen is generally placed at the first image point. The
chief advantage of the magnetic lens is that high resolution can be
obtained with a flat photocathode. However, exact adjustment and
regulation of the electric and magnetic fields are necessary for good
resolution requiring well-regulated power supplies. Moreover, mag-
netic lenses are generally bulky. Therefore, the most commonly used
method of electron focusing in image intensifiers of low to moderate
resolution is electrostatic focusing.

A typical module of an electrostatically focused image intensifier
is shown in Fig. IV-1l. It consists of an evacuated glass envelope with
a photocathode on the inner surface of one fiber-optic plate and a
phosphor on the other. The inner surface of the fiber-optic plates
are curved to minimize image distortion. The photoelectron image is
greatly accelerated and focused onto the phosphor, which recreates
the original image in correct spatial correspordence, except that the
image is inverted top for bottom and right for left. To prevent feed-
back of phosphor light to the photocathode, the interinial cone-shaped
electrode is blackened and the inner surface of the phosphor is alumi-
nized. The light that emanates from the output plate is diffused, so
that when ccupling to other intensifiers, both first-stage output and
second-stage input plates must be optically flat and tightly joined.

141




PHOTOCATHODE PHOSPHOR

FIBER-OPTIC
FACEPLACE
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FIBER-OPTIC
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T

53-17-71-10 V

FIGURE IV-1. Schematic of a Single-Stage Image Intensifier

The maximum accelerating voltage is typically 15 kv. At higher
voltages, the dark current rapidly increases, and difficulties with
positive-ion bombardment of the photocathode may be encountered. Some
control over image brightness can be achieved by reducing the acceler-
ating voltage (about 10 to 15:1), but at voltages much below 2 to 3
kv the image will lose focus and rotate,

If the magnification is made variable and an increase in magnifi-
cation is accompanied by a decrease in viewfield, then one has elec-
tronic zoom. This can be accor>lished by reducing the effective area
of the input photocathode while maintaining the same size of the image
field on the phosphor. A zoom intensifier in which the input photo-
cathode area is variable is shown in Fig. IV-2., In this tube, the
amount of photocathode area that is imaged on the phosphor is electronically
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variable by changing potentials on various internal focus electrodes,
In current practice, a zoom of up to 3:1 viewfield can be provided
while maintaining the image field on the phosphor at full size.

NARROW-ANGLE VIEW

/ PHOTOCATHODE
Z.

WIDE-ANGLE VIEW

$317-717 - mosmon——/

FIGURE IV-2. Schematic of an "Electronic: Zoom" Intensifier

The most common intensifier module sizes are 16/16, 18/18, 25/25,
40/18, 40/25, 40/40, 60/18, 80/25, and 80/40 mm, where the first num-
ber refers to the photocathode diameter and the last refers to the
phosphor diameter., The approximate dimensions are given in Table IV-1.
These sizes vary considerably from manufacturer to manufacturer but
may be thought of as representative.
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TABLE IV-1. TYPICAL INTENSIFIER DIMENSIONS

Intensifier
Photocathode/Phosphor Zoom Length, Diameter,¥

Dia,, mn Range _in. in,
16/1¢€ . 1l:1 1.65 1.16
18/18 1l:1 2.0 1.35
25/25 l:1- 2.4 2.0
40/25 1:1 5.4 4.0
40/40 1:1 3.7 3.0
60/18 3:1 6.0 - 3.7
80/25 3l 8.0 6.0
80/40 3:1 8.0 6.0

*
Exclusive of high-voltage insulation

B. CASCADE IMAGE INTENSIFIERS

Early interest in image intensjfiers was stimulated by concern
for increasing the sensitivity of télevision camera tubes. However,
the technology of photocathodes and phosphor screens had not then
developed to the point where intensification could be achieved. The
best available cathodes at the time were the silver-oxygen-cesium
photoemitters, and their sensitivity to near-infrared radiation stimu-
lated an interest in infrared image conversion. During World War II,
infrared image-converter tubes were manufactured and incorporated into
Snooperscopes for use by the Army. Conversion efficiencies were tco
low for passive operation, and it was necessary to irradiate the scene
with infrared,

With the development of the cesium antimony cathode (Ref. 2) and
advances in phosphor technology, it became possible in the 1940's to
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achieve intensifier gain with a simple photocathode-phosphor screen
tube. Dating from the 1930's, the concept of achieving high intensi-
fier gains by cascading stages was now technically feasible. As a
result of the loss of resolution due to lateral diffusion of light as
it passes through the glass windows between the phosphor screen of one
tube and the photocathode of the next, it was not feasible to simply
cascade single-stage tubes. Rather, it was necessary to fabricate
dynodes consisting of a thin supporting membrane of glass or mica
coated on one side with a phosphor layer and on the other with a semi-
transparent photocathode for mounting in a single glass tube envelope.
The chief drawback to these phosphor-photocathode multistage tubes,
besides their expense, was the necessity of applying magnetic focusing
between the fiat dynodes to avoid curvature of the electron image
field and radial distortion. An important application of phosphor-
photocathode multistage tubes is to astronomy, where size and expense
are not considered to be a serious hindrance to their acceptance.

Aniotner tube, somewhat similar in nature, became f{easible with
the development in the 1950's of transmission secondary emission multi-
plier dynodes (Ref. 3), consisting of an aluminum oxide supporting
film coated on one side with a thin metal film electrode on which is
deposited a semicon-uctor of low electren affinity, such as potasgium
chloride, which serves as the secondary emitter. Photoexcited elec-
crons emitted from the cathode ¢gain sufficient energy from an applied
electric field between the cathode and dynode to penetrate the alumi-
num oxide, the metal film electrode, and the semiconductor where most
nf the energy is absorbed. Typically 4 to 8 transmission secondary
electrons are emitted into the vacuum from the semiconductor and, in
turn, are accelerated to impinge on a sécond dynode. As many as 4 or
S dynodes may be used to achiszve electric current gains of the crder
of 10,000. Due to the difficulty of obtaining the right curvature of
~he thin dynodes for electrostatic focusing, flat dynodes are used
and magnetic focusing is required. Consequently, these tubes, like
phosphor-photocathode multistage tubes, are bulky and expensive to
fabricate,
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Further advances in pnotocathode technology resulted from the
development (Ref. 4) of trialkali antimony photoemitters in 195S5.
With their enhanced response, these cathodes, incorporated in suitable
high-gain image-intensifier tubes, offered the possibility of passive
viewing under nighttime conditions of only partial moonlight or star-
light. To be easily handled and to receive wide acceptance by po-
tential users, tubes incorporating trialkali antimony cathodes could
not rely on bulky magnetic lenses and woulid have to be much less ex-
pensive to build than the two high-gain image-intensifier tubes de-
scribed above. The development (Ref. 5) of fiber-optic plates in the
1650's was to play an important role in the subsequent development of
cas~ade image intensifiers of modular form, which go a long way toward E_
fulfilling the above tube requirements.

Fiber-optic plates used in image intensifiers are made of an ar-
ray of tiny fibers fused together, each fiber consisting of a core of i
glass having a high index of refraction, coated with a sheath of glass
having a lower index of refraction. The individual fibers behave as
dielectric waveguides, transmitting the light entering at one end to 't

ataldiii asd oo

the opposite end. If an image is focused on one side of a fiber-optic
plate, it will be efficiently transmitted through the plate with very
little lateral diffusion, However, because most phosphors have a
considerably higher index of refraction than available optical glasses,
a certain fraction of the light emitted by a phesphor strikes the fiber
sheath at an anqle less than critical anc refracts out of the fiber
into neighboring fibers. This problem is avoided either oy coating

b st ] e

the fibers with a second sheath of absorbing material or by strategically
locating discrete absorbing fiders in the interstices.

Pkl hibat

The chief value of fiber optics for cascade image intensifiers is
that it permits the selection of faceplates of sufficient thickness to g
be mechanically strong, subject to any shape desired, and yet no loss
of resolution occurs due to lateral diffusion of light as it passes
through the faceplate. In particular, the outside of a plate can be

flat, while the inside face on which either the cathode or the phosphor
may be deposited is curved to meet the requirements of electrostatic
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focusing, Thus, two or more single-stage tubes can be optically
coupled together efficiently by simply placing the flat outside faces
of the fiber optic plates in contact. The coupling efficiency in

this instance can be as high as 50 to 80 percent, depending on the

type, diameter, and cladding of the fiber used. A practical advantage
in using fiber optics is that each single-stage tube can be constructed,
processed, and tested separately for high performance before being
incorporated into a complete cascade image intensifier.

A typical three-stage modular cascade image intensifier tube is
shown in Fig. IV-3. The three modules are mechanically and optically
coupled together and completely encapsulated with the voltage multi-
plier sections of the high-voltage power supply. Electvoétatic fo-
cusing with approximately unity magnification is employed in each
module. Image inversion, occurring in each of the electrostatically
focused modules, is canceled by image inversion in the objective of
complete visual systiems. Cascade image-intensifier tubes are gener-
ally made in three standard sizes: one with an 18-mm cathode, ¢ne
with a 25-mm cathode, and one with a 40-mm cathode. Limited numbers
of single and multiple modular image-intensifier tubes of other sizes
are made for special applications. The 18-mm tube is approximately
5.8 in. in length and 2.1 in. in diameter; the 25-mm tube is approxi-
mately 7.6 in. in length and 2.75 in. in diameter; the 40-mm tube is
approximately 12 in. in length ard 3.7 in. jn diameter. ‘

Manufacturers' performance data for representative single-stage
ard three-stage cascade image-intensifier tubes are presented below
in Tables IV-4 through IV-10, Where performance data are measurements
of input radiation, radiometric units are used. The use of photo-
metric units based on the lumen as measures of input radiation to a
physical detector is to be discouraged, since the lumen, by defini-
tion, depends implicitly on the spectral responsivity of the eye.

Photocathode responsivity is specified in milliamperes per watt
of total blackbody input radiation from a 2854°K tungsten source. It
has sometimes been customary to specify photocathode responsivity in
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microamperes per lumen of input luminous flux from a 2854°%K tungsten
source, The conversicn factor from microamperes per lumen to milli-
amperes per watt of total blackbody radiation from a 2854°K tungsten

source is apoproximately 2x10'2, i.e., 200a/L ~ 4 ma/watt.

0 +1IKV +26KV +39KV

INTENSIFIED
IMAGE OUT

EYEPIECE

OBJECTIVE
LUMINESCENT
SCREEN
FIBER-CPTIC
PLATE PHOTOCATHODE
53-17-71-11

FIGURE IV-3. Sckmatic Diagram of Modular Cascade Image Intensifier

Gain, or more precisely the luminous conversion factor, is speci-
fied as the ratio of output luminance in candela per square meter to
input irradiation in watts per square meter from a 2854°K source. Tt
is sometimes customary to specify gain as the ratio of the output lumi-
nance in foot~lamberts to input illumination in footcandles or lumens
per scuare foot from a 2854°K source. The conversion factor from foot-

lamberts/footcandles to (cd/m2)/(watts/m2) is approximately 20/n for a
2854% source.

148

o bk AL

A A AR AL o B

ol Sl i SR o



(xew)go" T 10°1

(xew)9" 1 $6°0

Sy s

Ls 9

£5°0 09°0

0L°0 9L°0

(8°0 160
(xew), . OTXT . 0OTXZ
vy ©BSL

1 L

9 €1

S'¢ Z'v
WU UTH TeotdAL

ov/ov

ST

(xew)ac T zZ0'1

(xew)o" T 96°0

Sv Ls

Ls v9

25°0 £9°0

69°0 18°0

98°0 £6°0
(xew), . OTXT . OTXS°Z
V2’ 95L

T L

3 §T

s°§ 2zt
WAL UTH Teo7dAL

Sz/se

*uzazaed 3s23 aaem=-3ienbg

(xew)go° 1 ¢0°1
£0°0 ¥ (670
Sy LS
LS 9
3oy andano uo
2s°0 63°0
89°0 £8°0
$8°0 $6°0
Axmsvmﬁ|oﬁxﬁ manoaxm.w
144 1472
¢ L
oT £T
S°¢ v
ajem/eu
UMWE TR T20TdAL

81/get

(*ONI ‘SITAOIVIO0AYT LIFTHOWH) YIVAd FONVWIOJIId ¥ITIISNITNI-FOVWI IOVIS~ITONIS

utl *aajsuwerq Joydsoyd/apoyaroozoud

"dwet ¥ pSBZ UITH

a) ‘abeaTon butaeaadp

abpa (q)

Iajua) (e)
uoryeotyrubey

(re1p %08) ¥bpa (q)

a33ua) (e)

wu/sated aury ‘uoTantosay
wu/sated autl ST (2)
uw/sated aurT 0T (q)
(®»

#x0T2BY J3JsuRL] 3SEIIUOD

unu/sated surT §

mEo\gum3 gtandur punoaboed justearnbl

ﬁws\uumsv\nme\nov sfuteo

wu 0S8 W (2)
w008 W (9)
dwe X% vs8Z oL (®)

fAatatsuodsay apoyaedoaoyd

*Z-A1 ITIL

149




St
(xew)sc T T0°T
(xew)o" 1 L8°0
€2 <z
4 43
v1°0 9£°0
82°0 25°0
L0 08°0
Xeuw 1 XG*
( qu-OﬁxF ¢7-01%5°2
=0 000°08Y
T L
9 €T
s°g AR
WIWT TR TedTdAL
cv/ov

‘uas3yyed 3ss8y saem-sulg
ok

"dweT ¥ yS8Z UITM
>

St i 9¢ oY ‘sbeatop bBuraeasdp
{xew)30°T T0'T (xew)In 1 T0°T (*e1p %08) @b6p3 (q)
{xew)o* 1 L8'0 {(xew)o°1 L8'0 as3us) (e)
uor3edTITUbRR
€2 Sz Sz 62 ("eTP %08) #6p3 (q)
14 62 0¢ 142 asjua) (e)
scez andano uo uww/sated aurT ‘uorinrossy
Z1°o 8£°0 T¢*0 8¢°0 ww/sated sut ST (2)
veC LS°0 £5°0 6570 uw/sated suit oT (q)
Lo #8°0 08°0 ¥8°0 uww/sared 2urtT § ()
2U0TIOUNI XS3FSURL]L UOTIETNPOK
AxmsvﬁanoaxN Naooaxm Axmeva|OHXA MH|OAXm.N NEo\uums xfandur puncabsoeg jusTeaTnbz
000¢0re 000°TTY 000¢902 000°59¢ (zu/33em)/(,u/pd) ,furey
T L £ L wu 0SB 3w (9)
9 ¢t ot £T uu 0p8 ¥ (q)
S'g z'y 5'€ z°r dwet M pS82 oL (B)
3aem/ew ‘Ajtatsuodssy spoyaeooloyd
WresTUT TeOTdAL WOWTUTRH TeotdAy
sz/se 8T/8T

uw *I93oweTg acudsoyd/aooy3zeoolowd

VIV JONVWIOJEId ¥ITITSNIINI-IOVWI (IOVIS-IIYHI) IAYOSYD

("ONI ‘S3ITNOIVNOaYT LIITHOUW)

"¢-AT JTAYL

150




SP
0°T-28°0

(utu)sg

(utw)sz

(UTw)sz o
(utw)gs o
(utw)gL o

(xe X
( EVmH-OH T
(utw)ooofcye

cz-T
0£-9
(utw)s- ¢

ov/ov

17
0°"T-¥8°0

{utw)ee
(utw)se

(utw)ee o
(utw)sg- o
(utw)SL 0

e X
(x EvNH-oH T
(utw)000°¢ 0¥z
5e-T
0£-9
(utw)s- g

sz/se

L€

*asuodsax aAPM-3UTS
L]

*dureT N yS8T UITM
%

233 oY ‘sbearon Buraeaado
0°T-98°0 UOT3eOTITUDER
(utw)ge (etp %08) 3bp3a (q)
(utw)ce a23ua) (e)

um/sated SUTT ‘UoT3INTOSIY
(utw)gz" 0 ww/sated aurT ST ()
(uTw)os°o ww/sared autT 0T (q)
(uTw)y8' 0 uw/sated aurT 5§ (®)
#3xUOTY UNnj I3JSURI] UOT3ETNPOKW
AmevNH|OHxH NEo\pumB x¢3ndul punoabdoeg jusTeatrnbtdg
(utu)000°902 ANE\uumzv\AmE\vov £UTRD
SZ-T wux 0S8 3¢ (2)
0£-9 wu 0p8 3¥  (q)
(utw)s- ¢ dwe] A,vS82 OL (e)
33em/eu ‘A3tatsuodsay apoyzeoozoud
8T/8T

uny *aaz.ouweTq aoydsoyd/spoujzedoioud

("OHI ‘O0dYA) YIYA FONVWIOJIAd YITITSNIINI-ISUYWI (IOVIS-TTIHI) IAYOSYD “v-AI JTdYL

151




et TR, FER T R

o mae—

Sy 9¢
0°'T-28°0 0°T-2¢8*
$e 0¢ 0g
(¥4 s§ zs
§T 0 Zz'0 82°0
9¢°0 Zr°o 0S°0
SL°0 28°0 28°0
AxmevaIOﬁxH - Axmsva-OHxH
- 000¢6ST 000°sHs
A ST ¢
0z A4 0T
0t - S°¢
WWTUTH TeotdAL UMWTUTH
ov/ov 8T/8T

0

S¢
9¢

S€°0
85°0
98°0

c7-0TX5°2

000902

L
¢t
AN

TeotrdAL

ue ‘aajswerq aoydsoyd/epoyieooioyd

*asuodsaa aapmM-aUTS
3

*dwet A pS8C UITM
¥

*

Ay ‘abeatop bHuraeaadp
I93U9) ‘UOoTIEOTITULPH

(*etp %08) ®6p3 (q)
a93us) (e)
uu/sated aurT ‘uoranyosay

uw/sated aury ST (O)

uu/sated surt ot (q)

uu/sated auTIT § (P)
#xUOTIOUNI JIdJSULA], UOTIPTNPON

NEO\uums x¢andur punoaboeg justearnbi

Aue\pumzvxﬁus\uov #$UTED

wu 068 3¢ (9)
uu 008 ¥ (q)
dureT Y, vS8¢ OL (®)
Jaem/ew ‘Ajtatsuodsay apoyaroojoyd

(¥O¥) YI¥d JONVWIOJNId JYITITSNIINI-IOWWI (IOVIS-ITIHI) IAYOSYOD °S-AI IT4vl

152




*uxajjed 3s9] INEM=DUTS
%
"uorieoTyrubew A3tun J03 uteb {dwel X S8z UITM

%

ST ST oy ¢abeaton bBurjzeaadp
0°T 03 §°0 Q°T 01 2€°0 uoTyeoLJTUbRK
St SS St SS (*etp %08) ¥6p3 (q)
59 08 59 08 Ia3ua)  (v)
ooel andano uo uru/sared Saury ‘uoTynTosay
59°0 0L°0 S9°0 0L°G . uw/sated aurt ST (°)
08°0 £8°0 08°0 £8°0 wu/sated aurt ¢T (q)
06°0 €6°0 06°0 £6°0 ue/sated aurt 5 (®)

#xUOTIOUNI I3JSUBL], UOTIETNPOW

(xew), . OTXZ T . 0TX2°T Axmsvmauoaxm.a ¢1-0TXC'T .wEo\uumz x¢andur punoaboeg jusTearndy
2gS 68L zgs 68L Aws\pums \Ams\nov fure

9 01 9 01 uu 058 ¥ (°)

0T ST oT ST ua o8 I3¥  (q)

v°e L°g 6°2 Ls dweT X yS8z oL (®)
aaesm/eu ‘AjTatsuodsay apoyaedojoud

WU TeotdAy WNUTUTR TeoTdAL
weoz 0v/08 wooZ sz2/08

uu ¢ Jajsuetd aoydsoyd/3proyaeoojoud

(SIIVIDOOSSY NUINVA) WIVG FONYWNOINId VIATITSNIAINI~-IOVWI FOULS-TTONIS °*9-AI ITHUL

153



*uaslyed 31§83 dAPM=BUIS

suotieotrytrubew AjTun aoj ureb fdwet x0¢mwm cuﬁzee

0-S°0 0-56°0 0-5°0 0-S°0 snoog  (2)
§1-2 §T-2 £1-2 £1-2 wooz (q)
ST ST ST ST uadadg (e)
Ay ‘abeatop Huraeaasdp
0s 4 0s ST 09 ST 09 14 (*eTp %08) @86p3 (q)
59 zs S9 oz SL sz oL (0] a93ua)  (¥)
soey andutr uo umu/sared SUTT ‘UOTINTOSIY
0°T 03 5°0 0°T 03 sZTIs°0 0°T 03 g£°0 0°T 03 s%°0 uoTaedT yTUbERl
SL°0 9L°0 $8°0 SL°0 wu/sated aurT 5T (O)
06°0 06°0 Z6°0 06°0C wu/sated autT oT (q)
86°0 L6°0 (6°C L6°0 uu/sated sutT g (e)

2UOTIOUNF JDISUPIJ UOTIPTNPOW

SRR

X wo em . ‘andu unoabyoe! uaTeATnb;

21-0T1T 27-0T<T 27011 27-0T¥T z /3aaem gfandur p Moeg jusTearnbl

tAL) L89 tA R 189 rA L7 L89 rAL L89 Awp\uumzv\ﬁws\nov sfutTed
€ o1 ¢ ot ¢ ot ¢ (014 wu 0S8 Ay (D)
oT .. 0z ot (114 ot oc ot oz wu 008 a¥  (q)
s'¢ S S'¢g 5 S'¢ S S°¢g S dueT 3,v582 oL (®)

Jaem/ew “AyTatsuodssy spoyie20anyd

WIWT UK Ted1dAl WAWTUTR TeotdAL UNWTUTH  [201dAL WIWTUTH TeotdAL
wooZ 0t/08 wooz Sz/08 wooz ST1/09 wooZ 8T/0v
ww ‘a93swerq aoydsoyd/apoyiedoloyd

("ONI ‘OCdVA) VIVd FONYWIOJIId JITITSNIINI-IOVWI JOVIS-JTONIS °L-AT JTEVL

154




0¢
ve

¢¢'0
S¥°0
08°0

xXeuw X
( vNH-oH 1
O¥TT

0°¢

butAyTuben s¢T/Sc

*butrAztubew SZT/SC O3

ST
0"T-££°0

o

S9

09°0
£8°0
¥6°0

{xeu X
{ VNH-oH T
L399

S
0t
8°¢

wooZz Sz/08

uw ‘JajsweIg aouydsoyd/spoyizroojoyud

Rl B L MLl el gdbii B At bl uiah gl dilddiid fa it tiadidas 240001 ke ] Aidbr 1 £ 6 gl i adatl iy 11 { 2RI R S et ("L ERL AL EL ik Thak il A R LR i G

andutr saem-sursS °*wooz Sz/08 03 andur saem-aaenbg
2

‘uorjedryrubew A3Tun Jo3 ureb fdwetr X, yS8Z 204
*

o) ‘ebeatop bBurzeazdp
UOT3eUTITUSeR

' (*eTp %08) @b6p3a (q)
asjue) {e)
aop3 3ndano uo um/sated aurT €uoTINTOSaY

uu/sated surt ST (D)
wu/sated aurt OoT (9)
uu/sated sutT § (B)
U88ddS UD 44 ‘uUoTaOUNg J9Jsued], UOTIPTNPOW

NEU\Upms xfanduy punoabyoeg jusTeaInbi

(Fu/33e8)/(w/po) 4°uTed

wu 0S8 W ()
wu 008 ¥ (q)
dwe X, vS8¢ oL (e)
33em/ew ‘Ajtatsuocdsay spoyreoozoyd

(14730 13rodav) YI¥d JONVWIOJNId YATITSNIINI-IFIYWI JOVIS~-ITONIS °8-AI JTVL

155

RO

Sl 18 bl £ b 100 ALLLERL B ¢




00°T 03 05°0

“= 99°0
- [4: 34
-- £6°0
(xew)
NAnOnxm 14 ==
-- 9§9
T -
w -
S°t --
WIWIUTH  TeotdAL
wooZ 0v/08

- ST
-- 87°0
-- 9¢°0
- 280
- £6°0
(xew)
ﬁocﬁxm 4 -
-- a8s
.H -
MM -
S°§ 0
GUTUTH ~ TeoTdAy,
ov/08

00°T 03 0£°0

- S9°0
o S8°0
- S6°0
(xeuw)
ao°axm 14 -
oo 99
H. -
mw -
S°¢ e
WNLIUTH ~ Teo1dAL
wooZ S¢/08

- ST oo ST co oo
o - 8T 124 - -
=S =S [ 24 S¢ - -
- 0£°0 -- ¥9°0 - S29°0
oo 08°0 S€°0 v°0 i 05°0
- 06°0 29°0 89°0 - SL°0
oo 96°0 ¥8°0 68°0 =-- £6°0
(xew) (xew) (xeuw)
Ndoodxm Z - NA-dem 14 Nﬁooaxd da-oﬁxm 14 oo
s zL2 TS Z8L §L8 --
T - T L 0 oo
9 - g t49 oo e
S°¢ oo S°¢ S°y v'e =S
wWnWIUTW  TeoTdA] umuTuIN  TFOTdAL  WnWIUTH TestdAL
sc/08 mmmov 91/s¢e

ww®I339werq aoydsoyd/apoyiedo3oyd

(ZSNOHONIISIM) SYITJAISNIINI IOVIS-TTONIS

*6-A1 3TV

‘uxajqed 3sa3 anem-aaenbs
-
*uoTaedtjrubew Ajtun Joj ureb fduet A,vS8e :uak*

A ‘abearop HButraeaadg
("etp %08) 26p3 (q)
aa3jua) (e)

?oe3 andur uo

wu/sated aurT fuotantosay

uotaeotjrubey

uw/sated aunrT ¢ ()
uu/sated auwtT oT (Q)
ua/sated surT § (e)

»¥CTAR I3JSupal 3Seaquo)

wo/33em ,fandur
v::onmxowm ucmau>ﬁ=um

(gu/3aem)/(u/po) ¢ uren
uwz 0S8 W (D)
wu 008 W (q)
dweq X ,v582 oL (e)

Jaem/ew ‘Aatarsuodsay
apoyaeooaoyd

156




*asuodsaa 2ARPM-dULS

*

*uoraedryrudew A3Tun Joy ured fduwel Y yS6Z UITM
*

*

1 %2 AY ‘abeatop HBuraeaadp
(8°0 01 82°0 uotrjeoTyTUbeR
og : - §¢ ("etp %08) abpa (q)
S¢ S¢ aajqua) (e)
aor3 and3no uo u/sated auUTT ‘uoTaNTOSaY
Sv°0 05°0 wu/sared surt ST ()
0L°0 5L°0 uw/sated aurt 0T (9)
06°0 ¢6°0 uw/sated surt 5 (e)

#4UCTIOUNI I9JSUPAL UOTARTNPOW

Axmsvwauoﬁxw.a mHuoaxw.a NEo\uum3 xfandul punoabyoeg justearnblg
"00¢6ST 000°¢0te ANE\uumE\ANE\nS £SUTRO
) ot - wu 058 W ()
ot ST wu 008 3V (9)
6°¢ L' dwe] xoemmw ol (e)
33em/eu ‘AqtAaTsuodsay apoyaedoeioyd
UMWTUTH TeoTdAL

wooZ 81/09

un *Je3aweTq aoydsoyd/apoys=o030yd

(NYTIYA) JATIISNIINI-FOUWI (IOVIS-ITIHL) IAYOSYO °OT-AI ITTEVL

aiih b ko s asictil B i sl L il uifaitaont _Lilabs s Uitdinasdit G i Ot MDA L e

157

bl itk e




Equivalent background input is defiried as the irradiance of the
input face required from a 2854°K source to produce an additional out-
put luminance equal to the mesan background luminance existing when the
primary photocathode is masked. The conversion factor from photometric
units of lumens per square centimeter to watts of total blackbody
radiation per square centimeter is approximacely equal to 1/20 with
a 2854% source.

The modulation transfer function, synonymous with spatial fre-
quency response or sine-wave response, is measured with a sine-wave
test pattern., In some cases the available data are for response to
4 bar pattern or a square-wave-modulated test parftzrn. Response to
square-wave-modulated test patterns is specified in the tables as
contrast transfer ratio. It must be noted that response to sQuare-~
wave test patterns is higher (except at zero line pairs/millir 2ter,
where it is normalized to unity) than response to sine-wave test pat-
terns (Ref, 6).

C. SECOND~-GENERATION TMAGE INTENSIFIERS

The exploitation of electrooptical technology, principally by the
Army Night Vision Laboratory, culminated in the development of the
"first-generation™ night-vision instruments employing the cascade
image-intensifier tubes. It was recognized even at the beginning of

this development effort that the size, performance, and cost of first-
generation night-vision equipment would fall short of desirable speci-
fications. Hence, a second generation was envisioned that hopefully !
would meet the desired specifications.

The second=generation night-vision instrumevts would employ a
single stage intensifier tube incorporating a high=-gain microchannel-
plate (MCP) dynode. It was believed that the use of a single high-
gain stage would diminish the loss of modulation transfer occurring
in the three staces of the cascade image-intensifier tubes. It was
further believed that the method of fabrication of the channel plates
would lead to high production volumes and low cost.
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Unfortunately, of the three objectives of the MCP. image-intensifier
tube development, only the desirable size specification has been
achieved. The gain characteristics and image quality have not reached
expectations, Further, reliability (life) and cost remain problems.

Recent research results (Ref. 7) on the silicon transmission

. secondary-electron multiplier (TSEM) dynode structure (Section IV-C-3)
és an alternative to microchannel plates strongly indicate for the

first time that sufficient gain can be achieved in a single stage
without the severe degradation of the spatial frequency response that
occurs in the MCP tubes. Thus, the silicon TSEM is a serious candidate
to replace the MCP in the presently prcposed family of second-generation
devices.

1. Rationale for Image-Intensifier Performance Improvement

The performance of image intensifiers is chiefly determined by
three tubs paiameters:

1. The frequency response or modulation transfer function (MTF).
2. Responsivity of the photocathode.
3. Noise introduced by the gain mechanism,

Of these, at the present time, greater improvement in image-intensifier
performance at useful low light levels can be achieved by improveinents
in the MIF than by likely improvements in photocathode responsivity.,

The resolution of image-intensifier tubes even at very low il-
lunination levels is strongly dependent on the MIF and not merely de-
pendent on the responsivity of the photocathode. This is because the
MIF of an image tube (unlike the frequency response of an electronic
amplifier, which is essentially flat out to some cut-off frequency)
begins to fall off at less than one line pair per millimeter. A
graphic illustration is shown in Fig. IV-4, The lower curve is the
frequency dependence of the modulation on the screen, produced by a
three-stage, first-generation image intensifier tube with a sine-wave
test pattern of 30 percent medulation. To estima*e tne relative im-
portance of MTF and responsivity on resolution frequency, consider the
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FIGURE IV-+. Predicted Effect of Cathode Responsivity Versus MTF on
Image~-Intensifier Performance

line representing the modulation required to provide a signal-to-noise
ratio of 1.1, as required by the eye for perception of the image of
the pattern on the screen of an image intensifier with an S$-25 (4 ma/
watt) photocathode and irradiance of the test pattern by 0.3 moonlight.
A1l of the curves representing the modulation required by the eye
versus the number of lines per millimeter were calculated by assuming
the average reflectivity of the scene being viewed tc be 20 percent,
the objective to be effectively f/2, and the signal-to-ncise ratio
required by the eye for this one-dimensional variation in luminance

to be approximately 1.,1. The intersection of the required modulation

S L . G ARl RS 0 A . 5

line for an S-25 cathode and 0.3 moonlight with the three-stage modu-
lation on the screen curve at point A indicates that the resolution
is approximately 12 cycles/mm or line pairs/mm., With this point of
intersection as a reference, consider two alternatives for increasing
resolution:

16C




. Y. 3, T ~ oo L) .

1. ©hoouse an S-20VK photocathode with double the: responsivity
o . . . o
(measured under illumination from a standard 2854 K tungsten
lamp).

2. Develop a gain structure that will allow reduction of the
number of intensifier stages from three to one, with the con-
sequence that the MIF is increased as shown by the two curves

~

- modulation on the screen (Fig. TV-4),.

In the first case, highcr photocathode responsivity, the resolu=-
tion would increase from 12 to 13.4 cycles/mm, as indicated by the
arrow from A to B. In the second case, better MTF, the resolution
would increase from 12 to. 18,2 cycles/mm, as indicated by the arrow
from A to C., It is clear in this example that of the two alternatives
for increasing resolution, increasing the MTF is the most effective.
Furthermore, by comparison of the arrows from C to D and from A to B,
it is evident that increases in MTF enhance the effect of subsequent
increases in cathode responsivity on resolution.

Figure IV-4 also shows the effects on resolution of changes in
responsivity and MTF at the low value of scene irradiance provided by
airglow alone (clear night sky, no moonlight). As the irradiance de-
creases from 0.3 moonlight to airglow, the resolution of a three-stage
image intensifier with an $-25 photocathode decreases to such a low
value (3 cycles/mm or 75 cycles per diameter with the 25-mm tube used
in the starlight telescope) that little improvement can be realized by
improving the MTF alone. It is generally acknowledged that with the
presently available S-25 photocathodes "quarter" moonlight is requirzd
for satisfactory operationai performance. Theoretically, thé present
quarter moonlight performance could be achieved at airglow by increasing
the photocathode responsivity to airglow by a factor of approximately
50. Such a large increase in responsivity is not in the offing. How-
ever, the dashed line in Fig. IV-4, representing the required modulation
with a hypothetical phou..cathode 12 times more responsive to airglow than
the S-25, indicates that by improving the MIF the required improvement in
responsivity could be relaxed. BAn improvement in the MIF to that of a
single-stage tube would reduce the required increase in photocathode re-
sponsivity from 50 to approximately 12. Thus, it seems clear that the re-

quired resolution and operational performance currently realized at quarter
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moonlight could be achievzd with airglow alone in the foreseeable future
only if both the responsivity and the MTF were greatly improved. e

2. Microchannel-Plate (MCP) Image Intensifier

The microchannel-plate (MCP) image intensifier is based on a con-
cept that received little attention for many years but has recently
gained considerable prominence. In the MCP image intensifier, a mosaic
of microscopic hollow channels in a thin glass plate forms an array of
continuous secondary-electron multipliers that amplify the photoemis-
sion current from elemental segments of the photocathode.

The first efforts to make an array of secondary-electron multi- .
pliers suitable for image intensification were made on low-resolution
devices, fabricated element by element, using tubular multiplier struc-
tures. Work along these lines was done by RCA Laboratories, the Im-
perial College of L¢...uu, Chicago Midway Laboratories, and others.
Later attempts were made to use registered plates of metal (dynode
material) and insulators with arrays of shaped holes to give the dy-
node geometries. The latest and most promising efforts to make an

array of microscopic secondary-electron multipliers was initiated at

‘Bendix Aviation in the late 1950's, and has led to the development of ...

MCP secondary-electron multiplier arrays, that -are of sufficient fine-
ness to be of interest for imaging.

Develcpment of MCP secondary-electron multiplier arrays cépable
of producing images of moderate resolution aroused interest in the
possibility of a simple single-stage, high-gain image-intensifier tube
replacement of the three-stage modular cascade image intensifier, It
was anticipated that MCP intensifiers wculd offer the advantages not
only of smaller size, lighter weight, and lower cost but also of better
performance (i.e., higher target detection probability due to better
spatial frequency response). However, the performance of MCP image
intensifiers to date has generally been considerably less than was
initially anticipated because a number of problems peculiar to these
devices (to be discussed later) have arisen during development.

a. Principles of Operation. The MCP image-intensifier tube,

shown schematically in Fig. IV-5, consists of a fiber-optic faceplate,
on the back side of which is formed a photocathode, an electrostatic
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image-inverting electron lens, an MCP secondary-electron multiplier,
and a second fiber-optic plate on the front side of which is formed a
phosphor screen with the usual aluminum film required to prevent light
feedback to the photocathode. 1Image transfer from the MCP to the phos-
phor depends on the close proximity of these two elements. As shown

in Fig. IV-5, the electron imége generated at the photocathode is fo-
cused on the MCP by means of an electrostatic lens. These MCP image
intensifier t.ibes are customarily called inverter tubes. It is neces-
sary to employ a decelerating electric field to correct the flat image
plane presented by the front surface of the MCP. Besides the inverter
tubes employing electrostatic focusing between the photocathode and the
MCP, considerable effort has been expended in the development of prox-
imity focusing in what is customarily called a wafer tube. Development
of the wafer tube has nut been as successful as development of the in-
verter tube.

PHOSPHOR
MICROCHANINEL
PHOTOCATHODE PLATE
FIBER-OPTIC /
FACEPLACE V4 \
FIBER-OPTIC
ENDPLATE

$3-17-71-8 \ f

FIGURE IV-5. Schematic of an MCP Image Intensifier
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Although the additional length of the inverter tube is a
disadvantage in systems such as night-vision goggles, this disadvan-
tage is offset by at least two advantages in systems where size is
less critical. The larger volume of the inverter tube facilitates the
inclusion of gettering material needed to adsorb gasses that are con-
stantly desorbed from the glass charnels during operation. Outgassing
by the MCP has the adverse effects of reducing the lifetimes of both
the photocathcde emission and the secondary-electron multiplication,
as well as yielding high ion noise. A second advantage of the in-
verter is the partial light shielding provided by the cone forming
the electrostatic lens between the photocathode and the MCP. In the
wafer tube, radiation transmitted through the semitransparent photo-
cathede is partially reflected and scattered back to the photocathode
from the front surface of the MCP and the channels. The resultant
background current reduces the contrast in the output image produced
on the phosphor screen.

Operation of the MCP depends on a large number of factors.*
A single channel consists of a glass tube with a length equal to about
fift_ diameters. The inside surface of the channels is made semicon-
ducting with a resistance in the range from 108 to 1014 ohms (typi-
cally 109 ohms), depending on the output current to be drawn from the
channel. The output secondary-electron emission current, which can
be drawn from a channel while maintaining linearity between the output
current and the input photoelectric current, is approximately 10 per-

cent of the strip current flowing in the walls of the channel.

The MCP operates with a potential applied between electrodes
formed by evaporating a thin metallic coating at an oblique angle over
the two polished surfaces of the glass plate. Electrons emitted from
the photocathoda enter the channels and strike the walls to produce
secondary electrons, which are accelerated axially by the strong ap-
plied axial electric field. The transverse energy of emissicn pos-
sessed by the secondary electrons causes them to traverse the channel

#
These are thoroughly discussed in Ref. 8.
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as they are accelerated axially, so that they, in turn, strike the
wall, producing additional secondary electrons. The process is re-
peated many times along the channel until a large pulse of electrons
emerge from the high potential end.

b. MCP Gain Function. The gain, equal to the average number of

electrons in an output pulse, depends on the length-to-diameter ratio
of the channel, the secondary emission ratio of the channel, and the
applied potential. With 1 kv applied, the gain will typically be
several thousand. It is cbserved that with constant applied potential
the gain passes through a maximum at a particular voltage approximately
equal to 22 times the iength-to-diameter ratic. This is a desirable
operating point because the gain variation from channel to channel
then will be least dependent on differences in channel diameter. The
saturation effect on the gain caused by drawing output current in ex-
cess cf 10 percent of the strip current will act to limit the maximum
brightness at the center of an output image but, of course, has little
effect on the extent of image spread, which is described by either the
modulation transfer function or point spread function.

c. Spatial Frequency Response. It has been noted (Section ITI-C-5)

that the frequency response of a multiple-component optical system is
equal to the product of the frequency responses of each component and
thus is reduced by cascading more and more components, It would ap-
pear, therefore, that an MCP image intensifier would have an improved
frequency response function compared to that of a three-stage modular
cascade image intensifier. In point of fact, this has not been true,
although recent development efforts have yielded considerable improve-
ment.

The failure of the frequency response function of MCP image
intensifiers to measure up to earlier expectations is due to a number
of factors, which include the use of proximity focusing between the
MCP and the phosphor screen, the relatively high applied potential be-
tween the MCP and the phiosphor screen required for efficient electron-
to-luminant-image conversion in the phosphor, and the relatively high
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transverse energies of the secondary electrons emer¢.ng from the chan-
nels of the MCP.

The distribution of the points of impact on the phosphor of
electrons emerging from a channel has not been calculated. However,
some appreciation of the problem with proximity focusing between the
MCP and the phosphor screen can be gained by considering the path of
a single electron as a function of the relevant parameters. In the
uniform electric-field region between the MCP and phosphor screen,
each emerging electron will follow a parabolic path, eventually striking
the screen at a transverse distance d from the channel exit point given
approximately by

d=1 s.ine/(V/'vo)’*E (IV-1)

provided that V/Vo>>1, where V is the applied potential, Vo is the
initial energy of the emerging secondary electron in electron-volts,

L is the separation between the MCP end the screen, and 6 is the angle
made by an emerging eléctron relative to the direction of the applied
electric field. It is clear from Eq. IV-1 that the transverse dis-
placement of an electron is reduced by decreasing the separation and
increasing the applied potential between the MCP and the screen, i.e.,
increasing the applied electric field. However, it is found in practice
that the maximum applied electric field is limited to approximately

6 x 104 v/cm, and the applied potential required for efficient electron-
to-luminant-image conversion is approximately 6,000 v. Thus, the sep-
aration between the MCP and the screen is approximately 1 mm. The en-
ergies of the emerging electrons will exhibit a distribution in which
100 ev is a typical value. If one substitutes the above values for

the parameters in £q. IV-1, one finds that the transverse displacement
will range from zero to roughly one-eighth of a millime .er, depending
on the value of 8. One would expect few electrons to achieve the max-
imum displacement, since they would have to originate from emission
points near the end of a channel. Electrons emitted from points not
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so near the end of a channel will emerge with smaller values of A and
hence smaller transverse displacements.

A practical method for limiting the maximum transverse dis-
placement of electrons striking the phosphor is the deposition of the
back electrode of the MCP a distance equal to several diameters into
the channels. This creates a field-free region of low secondary emis-~
sion ratio near the ends of the channels and thus restricts the maxi-
mum value of 8, at which electrons emerge from the MCP.

A more fundamental limitation on frequency response stems
from the mosaic structure of *he MCP. This limitation depends on the
relative spatial phase of the regular array of channels and the peri-
odic test pattern used to measure the frequency response. For example,
if the test-pattern frequency equals the reciprocal of twice the chan-
nel center~-to-center spacing and if the phase is such that the adjacent
cressover points of the sine-wave modulation about the mean fall at the
center of adjacent channels, the frequency response will be zero, For
a typical channel center<to-center spacing of 16 um, this spatial fre-
quency is 31 cycles/mm, At the same frequency, but at a phase rela-
tion such that adjacent maxima and minima of the sine-wave modulation
fall at the center of adjacent channels, the frequency response will
be 2/m. For other phase relations the frequency response will be be=-
tween 0 aad 2/m. If the frequency of the test pattern is equal to the
reciprocal of the center-to-center spacing of adjacent channels, the
frequency response will be zero, independent of phase., For the 16-un
spacing this latter test-pattern frequency is 62 cycles/mmn. At other
test-pattern frequencies, beats will occur in the output sine-wave
pattern produced on the phosphor screen. These interference effects
have rarely been observed in MCP intensifiers because they are masked
by the overlapping due to the distributions of emission angles and
transverse energies of the electrons emerging from the channels. With
improvements in the frequency-response function by end spoiling and by
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